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We are at the very beginning of time for the human race. It is not unreasonable that we grapple
with problems. But there are tens of thousands of years in the future.
Our responsibility is to do what we can, learn what we can, improve the solutions,
and pass them on.
- Richard Feynman
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Abstract
During FES cycling when the Quadriceps muscles are activated both knee extension and hip
flexion moments occur simultaneously, decreasing the total power output. Of the three superfi-
cial muscles, Rectus femoris is a biarticular muscle that produces both a knee extension and a
hip flexion, while Vastus lateralis and Vastus medialis are only knee extensors. This thesis is an
investigation whether, using surface stimulation, selective stimulation of the Vastii can produce
knee extension moment with less hip flexion. A system was developed for measurement of the
joint moments and evoked myoelectric response in these three muscles, while seated subjects
were stimulated.
The dynamometer measures the magnitude and position of two forces that restrain the
leg, from which joint moments are calculated. The design and construction of the hardware,
electronics and software is presented. Validation of the dynamometer against known moments
produced with a spring-loaded dummy leg showed good correlation. The influence of random
and systematic errors on the estimated joint moments indicate that the dynamometer should be
used for comparing the responses for different electrode configurations within single sessions.
The close proximity of the EMG recording electrodes to the stimulating electrodes causes
artefact that obscures the M-wave. This was partly overcome by amplifying with a current
conveyor circuit, and by a novel biphasic stimulator with pulse width ratio adjustment. The
design and construction of both stimulator and amplifier are discussed, also the mechanisms
causing the artefact (voltage gradient, skin-electrode interface and common mode voltage).
A study with ten able-bodied subjects was performed. EMG analysis showed that it is
possible to selectively stimulate the Vastii and this does reduce hip flexion moment, however
beside the inevitable reduction of knee extension moment, the reduction of the hip flexion is
less than expected, perhaps due to stimulation of other muscles of the anterior thigh.
Opsomming
Tydens fietsry wat bewerkstellig word deur funksionele elektriese stimulasie, vind daar gelyk-
tydig beide ’n knieguitrekking asook heupfleksie plaas as die verhoofdige dybeenspiere oftewel
Musculus quadriceps femoris geaktiveer word. Dit verlaag die totale uitset drywing. Van die
drie opervlakkige spiere is Rectus femoris ’n tweerigting artikuleˆre spier wat beide ’n knie-
guitrekking en ’n heupfleksie bewerkstellig terwyl Vastus lateralis en Vastus medialis slegs ’n
knieguitrekking bewerkstellig. Hierdie tesis ondersoek of deur die gebruikmaking van opper-
vlaktestimulasie, die selektiewe stimulasie van die Vastii ’n knieguitrekking kan veroorsaak
met verminderde heupfleksie. ’n Stelsel is ontwikkel vir die meet van die gewrigsbewegings en
gepaardgaande mioelektriese respons in die drie spiere terwyl die sittende persoon gestimuleer
word.
’n Dinamometer meet die grotte en posisie van die twee kragte wat die been vashou waar-
vandaan die gewrigsmomente bereken word. Die ontwerp en konstruksie van die apparaat, elek-
tronika en programmatuur word aangebied. Die uitset van die dinamometer het goeie korrelasie
getoon met die bekende momente van ’n veerbelaaide kunsbeen. Die invloed van lukrake- en
sistematiese foute op die geskatte gewrigsmomente dui daarop dat die dinamometer gebruik
moet word om die response van verskillende elektrodes te vergelyk tydens ’n enkele sessie.
Die nabyheid van die elektromiograaf se elektrodes en die stimulasie elektrodes veroor-
saak effekte wat die M-golf versteur. Hierdie is gedeeltelik oorkom deur gebruik te maak
van ’n eenheids-stroomversterker en ’n tweefase stimulator met dienssiklus verstelling. Die
ontwerp en konstruksie van beide die stimulator en die versterker word bespreek asook die
meganismes wat die versteuring veroorsaak (spanningsgradie¨nt, vel-elektrode voegvlak en die
gemenemodus-spanning).
’n Studie met tien gesonde persone is uitgevoer. Elektromiograaf analise toon dat dit
moontlik is om selektief die Vastii te stimuleer en dit veroorsaak wel ’n vermindering in die
heupfleksiemoment. Hoewel die knieguitrekkingmoment ook verminder is, is die vermindering
in heupfleksie minder as verwag. Moontlik as gevolg van ander spiere in die anterieure dy wat
ook gestimuleer is.
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Part I
FES in context
1
Chapter 1
Background and thesis outline
Functional Electrical Stimulation (FES) is defined as “the electrical stimulation of the intact
lower motor neuron to initiate contraction of paralysed muscle to produce functional move-
ment” [Reed and Low, 2000]. It has been used for many years in the treatment of people with
Spinal Cord Injury (SCI), for applications such as standing [Chaplin, 1996], walking [Kralj
and Bajd, 1989], and recumbent cycling [Perkins et al., 2001; Szecsi et al., 2007], both with
implanted electrodes [Kern et al., 1985] and surface stimulation [Petrofsky et al., 1983].
FES cycling is known to have a number of health benefits, both physiological and psy-
chological [Van Soest et al., 2005]. The physiological benefits have been well documented
and include improved muscle strength, improved skin condition and increase in bone density
[Mohr et al., 1997b]. However, the power output (PO) and metabolic efficiency of SCI cyclists,
remains considerably lower than that of Able Bodied (AB) cyclists.
In studies carried out by Duffell et al. [2008] and Mohr et al. [1997a], SCI cyclists partici-
pated in year long training programs. At the end of the twelve month period Duffell et al. [2008]
reported peak PO values ranging from 8.8W to 35.5W, while Mohr et al. [1997a] reported sim-
ilar values ranging from 6W to 42W. Even though both training programs did show an increase
in the PO values, when compared with those measured at the start of the year, the values them-
selves are still moderate. This is especially true when we consider that, in a study carried out
by Reiser et al. [2002], AB cyclists were able to cycle at 250W, after just two weeks acclimati-
sation to recumbent cycling. Furthermore, the metabolic efficiency of SCI cyclists ranges from
2% up to 5% [Glaser et al., 1989; Petrofsky and Stacy, 1992], while for AB cyclists efficiencies
around 20% have been recorded [Glaser et al., 1989; Hansen et al., 2002].
These low PO and efficiency values mean that the potential application of FES cycling
for functional use is limited. However, as the reasons for the low PO and efficiencies are not
understood, it is no simple matter to improve either the PO or the efficiency of SCI cyclists.
Before we can consider various hypotheses for the low values, it is beneficial to develop
a better understanding of what actually happens during recumbent cycling and neuromuscu-
lar stimulation, at the physiological level. Typical electromyograph (EMG) measurements,
recorded from stimulated muscle, as well as the phenomenon of crosstalk, are also discussed as
this is relevant to discussions from Chapter 6 onwards.
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1.1 Muscle activation during recumbent cycling
During FES cycling, the muscles of the lower limb are electrically stimulated. However, par-
ticularly in the case of surface stimulation, the number of muscles to be stimulated are limited
by the number of channels available in the stimulator and the number of electrodes that can be
placed on the thigh, and, with some stimulation setups, the shank as well [Duffell et al., 2008].
Previous studies have successfully created a cycling action by stimulating the Quadriceps, the
Gluteals and the Hamstrings [Perkins et al., 2001; Szecsi et al., 2007].
A brief overview of the function of the muscles, used during FES cycling, is provided in
table 1.1, [Cash, 2000]. Figure 1.1 shows the anatomy of the lower limb and the location of the
muscles listed in the table.
The table also distinguishes the muscles as being either mono- or bi-articular, according
to whether they cross one or two joints [Jarmey, 2004; Trew, 2005]. Mono-articular muscles
therefore only have one main function while bi-articular muscles have two. For example the
mono-articular muscle, Vastus lateralis, performs a knee extension, while a bi-articular muscle
such as Rectus femoris, is responsible for both knee extension and hip flexion.
The exact sequence of muscle contraction and relaxation that produces the cycling action in
AB cyclists is quite involved. Hakansson and Hull [2005] and Johnston et al. [2007] measured
muscle activity during recumbent cycling. Figure 1.2 shows a polar plot of the regions of muscle
activity (in the left leg) during a revolution of the crank arm, as measured by Johnston et al.
[2007].
Table 1.1: Muscle groups used for FES cycling; muscle functions reproduced from [Cash,
2000], with permission.
Muscle Bi- or mono- Actionarticular
Anterior leg muscles
Q
ua
dr
ic
ep
s Rectus femoris Bi- Hip flexion and knee extension
Vastus lateralis
Mono- Knee extensionVastus intermedialis
Vastus medialis
Posterior leg muscles
G
lu
te
al
s
Gluteus maximus Mono- Extend and outwardly rotate hip, extend trunk
Proximal part: slight abduction
Distal part: Slight adduction
Gluteus medius
Mono-
Anterior: Flex and inwardly rotate hip
Gluteus minimus Posterior: Extend and outwardly rotate hip
H
am
st
ri
ng
s Biceps femoris Bi- Knee flexion and outward rotation when flexed,
and hip extension
Semimembranosus
Bi-
Knee flexion and inward rotation when flexed,
Semitendinosus and hip extension
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(a) Superficial muscles of the anterior leg. (b) Deep muscles of the anterior leg.
(c) Superficial muscles of the posterior leg. (d) Deep muscles of the posterior leg.
Figure 1.1: Anatomy of the human leg, reproduced from [Cash, 2000], with permission.
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hip deceleration; however, for knee
flexion, subjects with TD appeared
to use the medial hamstring muscles,
whereas the subjects with CP used
the biceps femoris muscle.
Around the ankle, subjects with TD
used the anterior tibialis muscle only
during flexion, but the subjects with
CP used this muscle throughout the
revolution except for a brief period
near the end of the extension phase.
Subjects with TD used the gastroc-
nemius and soleus muscles primarily
during the extension phase and into
the flexion phase at the higher ca-
Figure 5.
Polar plots of mean onsets and offsets of muscle activity of the left lower extremity for all subjects. Zero degrees occurred when the
left crank arm was horizontal and farthest from the subject (Fig. 2). Muscles other than the gluteus maximus were labeled as primary
extensors and flexors based on their actions at the knee and at the ankle. The duration of activity may differ from those shown in
Table 3 because the durations here represent the difference between mean onset and mean offset. From these plots, the relationship of
activity of muscles, including co-contraction, can be seen. The innermost circle represents when hip flexion and extension occurred in order
to identify the phase. The stick figures show the approximate position of the lower extremities at that point in the revolution, and the arrow
indicates forward movement of the crank when viewed from the right side of the cycle. 1gluteus maximus muscle, 2rectus femoris
muscle, 3vastus lateralis muscle, 4medial hamstring muscle, 5biceps femoris muscle, 6anterior tibialis muscle, 7lateral gastroc-
nemius muscle, 8soleus muscle. TD30subjects with typical development (TD) at cadence of 30 rpm, CP30subjects with cerebral palsy
(CP) at cadence of 30 rpm, TD60subjects with TD at cadence of 60 rpm, CP60subjects with CP at cadence of 60 rpm.
Biomechanics of Submaximal Recumbent Cycling in Adolescents With and Without CP
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Figure 1.2: Polar plot showing the average regions of muscle activity during recumbent cycling,
reprinted from Johnston et al. [2007], with permission of the American Physical Therapy As-
sociation. This material is c pyrighted, and ny further reproduction or distribution r quires
written permission from APTA.
Johnston et al. [2007] used the following guidelines in drawing the figure:
1. Zero degrees was taken to be when the the left crank arm was horizontal and farthest from
the subject.
2. Muscles other than the Gluteus maximus were labeled as primary extensors and flexors
based on their actions at th knee and at the ankle.
3. The innermost circle r presents when hip flexion and xtension occurred.
4. The stick figures show the approximate position of the lower xtremities (left leg) at that
point in the revolution, and the arrow indicates forward movement of the crank when
viewed from the right side of the cycle.
The later discussion in Section 1.4 mentions the role of the Quadriceps during FES cy-
cling. For this reason, it is important to note what the results of Hakansson and Hull [2005]
and Johnston et al. [2007] reveal about Rectus femoris (RF), Vastus lateralis (VL) and Vastus
medialis (VM).
Hakansson and Hull [2005] showed similar results to Johnston et al. [2007]. However,
they also included the muscle activity of VM, which was found to be active simultaneously
with VL, although a slight difference, about two degrees, in the onset and offset angles of the
two muscles was seen. Furthermore, they also showed that changes in cycling cadence did not
cause a change in the co-activation of RF, VM and VL, although a shift in the onset and offset
angles did occur.
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Hakansson and Hull [2005] split the cycling revolution into functional regions, also re-
ferred to as extension and flexion regions, as have been indicated in figure 1.2. According to
them, during the extension region, the mono-articular muscles VL and VM (responsible for
knee extension), would primarily have contributed towards power development. While the bi-
articular muscle, RF, assists in propelling the leg through the transition between the flexion and
extension regions. RF also contributes towards the knee extension moment generated by the
Vastii muscles.
1.2 Neuromuscular stimulation
During FES cycling, a shaft encoder measures the crank angle. The crank angle is then used
to determine which muscle group is stimulated at any given time [Perkins et al., 2001; Szecsi
et al., 2007]. The level of muscle activity is dependent on the stimulation intensity, which is
controlled by adjusting the various stimulation parameters, namely, pulse width, frequency and
current amplitude. The mechanism behind how the stimulation pulse triggers an impulse in
the nerve fibres has been well documented in the literature. A brief overview of the relevant
neuromuscular anatomy and the mechanism itself is given here.
1.2.1 Neuromuscular anatomy
Figure 1.3 shows the anatomy behind the concept of a motor unit, which consists of a neuron
and muscle fibres.
According to Tortora and Derrickson [2006], a neuron is a nerve cell. It consists of a cell
body, dendrites and an axon. Motor neurons are responsible for carrying impulses from the
brain and spinal cord to the muscles. At the end of the nerve cell we find the neuromuscular
junction (NMJ), which was described by Jones et al. [2004] as a “synaptic connection at which
the axon branch of the motor neuron meets the muscle fibre.” Every axon has many terminal
branches, each of which is connected to a muscle fibre [Basmajian and De Luca, 1985]. The
muscle fibres supplied by all the branches from a single axon constitute the motor unit.
The number of muscle fibres present in a motor unit, and the number of motor units present
in a muscle, depends on the intended function of that muscle. Muscles controlling fine move-
ments and adjustments (e.g. the muscles of the ear, eye, hand and larynx) have from 3 to 300
Figure 1.3: The motor unit concept, after Jones et al. [2004], with permission from Elsevier.
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muscle fibres per unit, and, ∼120 motor units. In contrast, large coarse-acting muscles (e.g.
those of the limbs) have ∼2000 muscle fibres per unit, and, ∼600 motor units [Basmajian and
De Luca, 1985; Jones et al., 2004].
The neuromuscular junctions, are normally found near the middle of the muscle fibres, in a
region known as the endplate [Basmajian and De Luca, 1985], although adjacent muscle fibres
are not necessarily part of the same motor unit [Jones et al., 2004]. Generally there is only one
motor endplate in a muscle, although it is possible, in some muscles, in some individuals, for
there to be two endplates in a single muscle [Basmajian and De Luca, 1985].
1.2.2 The origin of the M-wave
According to Tortora and Derrickson [2006] the nerve fibres, in this case referring to the axon,
have resting potentials determined by ion concentrations on either side of the cell membrane.
Gated channels, found in the cell membrane, open and close in response to the membrane
potential, thereby allowing ions, on either side of the membrane, to diffuse across it. The
membrane also has an inherent threshold potential. If the membrane potential is depolarised
to this threshold level, a flow of ions will occur through the gated channels, which results in a
further change in the membrane potential, known as the action potential (AP).
Basmajian and De Luca [1985] discussed the activation of motor units during voluntary
contractions. They said that the AP propagates along the nerve fibre till it reaches the the NMJ.
From the NMJ, the AP continues to propagate in both directions along the muscle fibre, where
it is now referred to as a muscle fibre action potential (MAP). An AP will trigger MAPs within
all the muscle fibres in one motor unit, causing the fibres to contract almost simultaneously. The
MAPs sum together to form what is known as a motor unit action potential (MUAP). Depending
on the size of the detection area associated with EMG recording electrodes, and the location of
the motor units under these electrodes, the final EMG waveform consists of the sum of a number
of MUAPs.
Hodgkin et al. [1952] showed that by introducing a stimulation current to the nerve, the
membrane potential is suddenly changed, causing the membrane to depolarise, which triggers
an AP. The only difference in the ensuant AP propagation, as compared with that of a voluntary
contraction, is that in the case of electrical stimulation, the MUAPs are triggered simultaneously
by the stimulation pulse. The resultant EMG measurement, referred to as evoked EMG, is
effectively a compound MUAP, termed the M-wave [Farina et al., 2004a; Merletti et al., 1992;
Tucker et al., 2005]. A M-wave would be measured for each stimulation pulse in a burst of
stimulation.
1.3 Evoked EMG measurements
The discussions presented in this section are relevant for later chapters.
1.3.1 Typical M-wave measurements
Figure 1.4 shows a typical M-wave measurement, as often encountered in the literature. The
various properties of the M-wave have also been indicated in the figure.
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Figure 1.4: A typical M-wave measurement and M-wave properties.
Peak-to-peak amplitude M-wave amplitudes normally range from a few hundred µV to
around 5mV [Basmajian and De Luca, 1985]. The M-wave amplitude increases with
stimulation current amplitude [Farina et al., 2004a].
Duration “The time interval between the positive and negative peaks of the M-wave” [Merletti
et al., 1992]. Generally the duration increases during sustained stimulation [Farina et al.,
2004a].
Latency Latency identifies the period of time between the start of the stimulation pulse (corre-
sponds with the start of the stimulation artefact shown in figure 1.4) and the onset of the
M-wave. The length of this time period is dependent on the separation distance between
the stimulating and recording electrodes, the shorter the distance, the shorter the latency.
Such differences in measured latencies are commonly used to calculate the conduction
velocity of nerve fibres [Basmajian and De Luca, 1985].
Shape The shape of the M-wave describes the number of phases present. The M-wave shown
in figure 1.2 has two phases. The number of phases is dependent on the position of the
muscle fibres relative to the recording electrodes [Basmajian and De Luca, 1985]. In the
literature, it is convention that M-wave measurements are drawn so that the first phase is
positive, for example, as in Merletti et al. [1992] and Farina et al. [2004a].
As mentioned earlier, the level of muscle activity is dependent on the stimulation intensity.
By increasing the pulse width or the current amplitude, the amount of charge delivered with each
pulse increases. This has the effect of enlarging the region in which nerves may be activated.
If this region includes motor fibres, then the corresponding muscles will be stimulated. As
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the strength of the muscle contraction is determined by the number of recruited muscle fibres,
generally increasing the stimulation intensity in this way, results in a stronger contraction [Reed
and Low, 2000].
However, adjusting the stimulation frequency does not alter the number of recruited mus-
cle fibres. At low stimulation frequencies (<15Hz, [Kralj and Bajd, 1989]), the muscle will
contract due to a stimulation pulse. It will then return to its relaxed state before the next stimu-
lation pulse, resulting in a muscle twitch. By increasing the frequency, the muscle is unable to
fully relax before the next stimulation pulse is delivered, which results in the contraction being
superimposed “on the force remaining from the previous stimulus” [Jones et al., 2004]. In so
doing the twitches fuse and eventually produce a smooth contraction of muscle.
1.3.2 Crosstalk
Crosstalk is defined in the literature [De Luca and Merletti, 1988; Knaflitz et al., 1988; Merletti
et al., 1992] as the measurement of EMG in a given muscle, when the signal itself originates in a
different muscle. This is problematic as it can lead to “an erroneous conclusion of coactivation
among different muscles when only one muscle is active” [Merletti et al., 1992], particularly in
the case of muscles that are close to each other [Farina et al., 2004b], such as the Quadriceps.
The crosstalk phenomenon has even lead to the detection of muscle activity in totally inactive
or denervated muscle, simply by intensely activating a neighbouring muscle [Denny-Brown,
1949].
According to De Luca and Merletti [1988] and Merletti et al. [1992], the type of electrode
used to record the EMG greatly influences the amount of crosstalk present in the measurements.
Muscle activity recorded using intramuscular electrodes is mostly unaffected by crosstalk. This
is due to the small detection volume associated with these types of electrodes. On the other
hand, surface electrodes have a much larger detection volume. This has the advantage that the
measurements are more indicative of the activation of an entire muscle, but can lack selectivity
and are more susceptible to crosstalk.
Anatomical conditions also affect the likelihood of crosstalk being present. The thicker
the layer of subcutaneous fat covering the muscles below the recording electrodes, the more
prevalent the presence of crosstalk in the measurements [Farina et al., 2004b; Solomonow et al.,
1994].
One method that has been used to assess the presence of crosstalk is a multi-electrode
detection system that captures two signals, a single differential (SD) signal and a double dif-
ferential (DD) signal, as shown in figure 1.5. The DD detection system has a smaller pick-up
volume than the SD detection system, which causes it to have greater selectivity [Koh and
Grabiner, 1993]. According to Merletti et al. [1992] a signal generated below the detection
electrodes (i.e. a true measurement of muscle activation), would produce a SD and a DD signal
of roughly the same amplitude, while a signal generated far from the detection electrodes (i.e.
a crosstalk signal), would produce a DD signal of much smaller amplitude than the SD signal.
This was shown experimentally by Merletti et al. [1992] when stimulation of VL resulted in an
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(a) Single differential. (b) Double differential.
Figure 1.5: Detection systems for assessing crosstalk, reproduced from Koh and Grabiner
[1993], with permission from Elsevier.
M-wave being measured in VM using the SD detection system, but not with the DD detection
system, even though both systems measured an M-wave of similar amplitude in VL.
Knaflitz et al. [1988] and Farina et al. [2002] both used similar SD and DD detection
systems to characterise crosstalk in the thigh. Surface stimulating electrodes were placed on
the motor point of one of the Quadriceps muscles, to achieve selective stimulation. The peak-
to-peak amplitude of the M-waves were then used to calculate a percentage of the SD M-wave
amplitude measured in the stimulated muscle that would appear as crosstalk in the adjacent non-
stimulated muscle. The results are shown in table 1.2. Knaflitz et al. [1988] gave the maximum
percentage crosstalk recorded from a study carried out with 8 subjects, while Farina et al. [2002]
calculated the mean from a study carried out with 10 subjects, most of whom had both thighs
tested, giving a total of 18 thighs.
Table 1.2: Crosstalk in muscles of the Quadriceps.
Stimulated Percentage SD signal attributed to crosstalk
muscle VL RF VM
Maximum percentage, [Knaflitz et al., 1988]a
VL - 18.2 7.7
VM 10.7 8.6 -
Mean ± Standard Error, [Farina et al., 2002]b
VL - 24.1± 5.4 12.8± 3.5
RF 12.3± 1.6 - 17.8± 11.3
VM 19.3± 4.2 20.3± 4.7 -
a With permission from Elsevier. b With permission, copyright ©2002 Wiley Periodicals, Inc.
From these results it appears that, when using a SD detection system, the EMG recorded in
the non-stimulated muscles of the Quadriceps will partially be attributed to crosstalk. As much
as 7.7% up to 24.1% of the peak-to-peak amplitude of the M-wave recorded in the stimulated
muscle may appear in the M-wave recorded in the non-stimulated muscle.
However, the studies carried out by Knaflitz et al. [1988] and Farina et al. [2002] selectively
stimulated the muscles by placing surface stimulating electrodes on the motor point of the
1.3. Evoked EMG measurements 11
muscle. Both parties took care in determining the position of the motor point and discuss
this at length, but even then there was still an M-wave present in some of the DD signals of
the non-stimulated muscle, although its amplitude was far less than that detected in the SD
signals. Farina et al. [2002] even concluded that there was crosstalk present in the DD signals,
ranging from 9.2% up to 22.7%. This still raises the question, was the selective stimulation
used by Knaflitz et al. [1988] and Farina et al. [2002] truly selective, thereby giving rise to
a true indication of the influence of crosstalk in the Quadriceps? The issue of crosstalk is
complicated and Farina et al. [2002] say that “...controversies exist in the literature, because of
confusion about the sources of signal that are mostly responsible for crosstalk.”
Solomonow et al. [1994] used a different approach to evaluate crosstalk, although it was
tested in the hind limb of a cat, as opposed to the Quadriceps muscles of a human thigh. Surface
electrodes measured muscle activity in the medial gastrocnemius (MG), lateral gastrocnemius
(LG) and tibialis anterior (TA) in response to supramaximal nerve stimulation. The nerves to
LG and TA were then cut and the muscle activity measured again in response to stimulation
of the nerve to MG. Any muscle activity measured after the nerves had been cut was solely
attributed to crosstalk.
Their results (summarised in table 1.3), were found using the two methods listed below:
1. “Peak-to-peak M-wave recorded from LG and TA after their nerves were cut, normalized
with respect to the corresponding values of MG (the only innervated muscle throughout
the experiment). Assesses how much of the EMG from a maximally active muscle could
be expected to contaminate a neighbouring muscle.”
2. “Peak-to-peak of each M-wave recorded from each muscle before and after the nerves
were cut calculated and normalized with respect to their corresponding values before the
nerves were cut. Assesses how much of the EMG recorded from a muscle exerting its
maximal force is due to crosstalk in terms of percentage peak-to-peak.”
Table 1.3: Crosstalk present in the muscles of the hind limb of the cat, reproduced from
[Solomonow et al., 1994], with permission from Elsevier.
Mean ± standard deviation of crosstalk in the LG and TA
muscles, expressed as a percentage of MG activity
MG LG TA
Little fat - 4.45± 1.93 1.99± 0.77
Mean ± standard deviation of crosstalk after cutting the
nerves to the LG and TA muscles, expressed as a percentage of
the activity that was present before their nerves were cut
MG LG TA
Little fat 97.96± 4.76 4.55± 2.39 3.99± 2.99
Excessive fat 91.60± 6.27 16.25± 12.15 5.04± 2.82
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Unfortunately no quantification was given to distinguish between the little fat and excessive
fat categories used in the table, other than to say that, in the case of the latter “an appreciable
layer of subcutaneous fatty tissue was discovered in the post-experimental dissection...such that
a layer of fat existed between the muscle and the electrodes”.
They concluded the following:
1. For both evaluation methods the amount of crosstalk is less than 5% provided there is
little subcutaneous fat below the recording electrodes.
2. Crosstalk values increased up to 16% when a substantial amount of subcutaneous fat
covered the muscles.
To be able to extrapolate these results across to human thigh muscle Solomonow et al.
[1994] made the argument that due to the closer proximity of the muscles in the cat’s leg, the
results shown here are more susceptible to crosstalk than in human muscle. However, the larger
human muscles would generate more EMG interference, which would increase the amount of
crosstalk. They proposed that “...the net effect is that the proportions are similar and therefore
the crosstalk values found in the cat are expected to be valid for human studies as well.”
From Knaflitz et al. [1988] and Farina et al. [2002] we see that at most 25% of the desired
signal can appear as crosstalk in the non-stimulated muscle. Solomonow et al. [1994] showed
far less crosstalk (∼5%), although this value could increase to as much as 16±12%, giving a
worst case scenario of 28%, if there is a substantial amount of subcutaneous fat present.
1.4 Hypotheses for the low PO and efficiency of FES cycling
Duffell et al. [2009] pointed out that it is important to understand the reasons for the low effi-
ciency, as this may make it possible to improve the method used for FES cycling, which may
in turn increase the PO. They went on to discuss a number of hypotheses, attempting to explain
the reasons behind the low PO and efficiency, that can be grouped into three main categories:
1. Muscle activation.
2. Factors inherent to SCI.
3. Biomechanical causes.
Muscle activation
The recruitment of the muscles during FES cycling is grossly crude compared with normal
motor control. The main focus of the work of Duffell et al. [2009] was to investigate the effi-
ciency dependence on electrical activation of the muscles. This was accomplished by measuring
metabolic efficiency during electrically stimulated concentric contractions of the Quadriceps in
AB people. The results indicated the influence of only electrical stimulation on efficiency,
without contributing factors due to SCI.
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They found the efficiency to be slightly less than 30%, which they then compared against
the data of Barclay et al. [1993] (single fibre experiments indicating that efficiency should be on
the order of 22% to 30%, depending on the muscle fibre type). Duffell et al. [2009] concluded
that although the efficiency during these electrically stimulated contractions was slightly less
than that seen during voluntary contractions, it was still greater than the efficiency seen during
FES cycling (∼ 5%). Consequently a large part of the drop in efficiency must be attributed to
factors inherent to SCI, or be biomechanical in nature.
Factors inherent to SCI
Kjær et al. [1994] performed a study on AB subjects, where their metabolic efficiency was
measured during cycling. The cycling was carried out under voluntary muscle action and again
using FES after complete epidural anaesthesia. Physiological responses, such as heart rate, ven-
tilation and PO were recorded for both cases. Hunt et al. [2007] pointed out that the efficiency
of the anaesthetised cyclists was similar to that measured for SCI cyclists (∼7.6%). As the AB
cyclists did not have any of the factors inherent to SCI, such as atrophied muscles, this result
implied that the main cause for the low metabolic efficiency must be biomechanical.
Biomechanical causes
The difference in FES cycling performance due to forced smooth pedalling (with fixed gearing),
as opposed to free pedalling (jerky with freewheeling) was investigated by Szecsi et al. [2007].
This study showed that the smooth pedalling had superior performance, in that greater distances
were covered by the cyclists. Measurements of the joint moments, about the knee and hip, were
taken during the cycling action, the results have been reproduced in figure 1.6.
It was seen that during a cycling revolution, a crank angle region existed in which an
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recovery by the concentric hip flexor and the eccentric
knee extensor.
Time courses of total concentric and eccentric muscle
work of the left and right legs under freewheeling (Fig. 8A)
and fixed-gear (Fig. 8B) conditions showed larger absolute
magnitudes of concentric work in unsteady phases P1 and
P3 than in steady phase P2, irrespective of the condition.
Thus, for example, in the freewheel condition, the
(bilaterally averaged) concentric work and the net muscle
work (difference between concentric and eccentric work)
decreased and increased again during P1, P2, and P3
(Fig. 8A). In net muscle work, interphase differences
comparing steady and nonsteady phases during the fixed-
gear condition were smaller (Fig. 8B). Variation of passive
mechanical energy of the legs (Fig. 8A and B) was
approximately negligible during steady and nonsteady
phases. Therefore, crank work can be considered identical
to bilateral muscle work.
Joint-based separation of concentric/eccentric extensor/
flexor work under the freewheeling condition showed
unsteady behavior in the P1 and P3 phases and roughly
steady behavior in the P2 phase (Fig. 9A). During the fixed-
gear cycling condition, joint-based separation of concentric/
eccentric extensor/flexor work showed (Fig. 9B) that
concentric and eccentric knee extensor work decreased,
whereas concentric and eccentric hip flexor increased during
cycling. Negligible activity of the concentric knee flexor and
the eccentric hip extensor was recorded.
Covered distances, times to exhaustion, and
power. Figure 10 shows that group-averaged distances
achieved in the first forced smooth cycling trial (1279 T
488 m) exceeded distances achieved in the first free
FIGURE 7—Power generated (concentric, positive) and absorbed
(eccentric, negative) in the hip (solid gray) and knee (solid black) joints
made in the power break-in phase P1 (t = 75–80 and 170–175 s)
during freewheel (A) and fixed-gear (B) cycling of patient 1,
respectively. Net power is given as dashed–dotted curve. Crank
angular regions with concentric- and eccentric-acting extensor or
flexor moments are marked with corresponding (concentric as
positive and eccentric as negative) straight lines and labels (e.g.,
KNEE EXT MOM). The stimulation intervals of muscles are
indicated by gray bars and labels (e.g., LEFT QUAD).
FIGURE 8—Time course of left and right concentric (positive),
eccentric (negative), and net muscular work per revolution during
freewheel (A) and fixed-gear (B) cycling of patient 1. Passive work
(change of the kinetic and potential energy of the legs) is also
presented (5-s average intervals). cc, concentric; ec, eccentric.
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(a) Free pedalling.
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recovery by the concentric hip flexor and the eccentric
knee extensor.
Time courses of total concentric and eccentric muscle
work of the left and right legs under freewheeling (Fig. 8A)
and fixed-gear (Fig. 8B) conditions showed larger absolute
magnitudes of concentric work in unsteady phases P1 and
P3 than in steady phase P2, irrespective of the condition.
Thus, for example, in the freewheel condition, the
(bilaterally averaged) concentric work and the net muscle
work (difference between concentric and eccentric work)
decreased and increased again during P1, P2, and P3
(Fig. 8A). In net muscle work, interphase differences
comparing steady and nonsteady phases during the fixed-
gear condition were smaller (Fig. 8B). Variation of passive
mechanical energy of the legs (Fig. 8A and B) was
approximately negligible during steady and nonsteady
phases. Therefore, crank work can be considered identical
to bilateral muscle work.
Joint-based separation of concentric/eccentric extensor/
flexor work under the freewheeling condition showed
unsteady behavior in the P1 and P3 phases and roughly
steady behavior in the P2 phase (Fig. 9A). During the fixed-
gear cycling condition, joint-based separation of concentric/
eccentric extensor/flexor work showed (Fig. 9B) that
concentric and eccentric knee extensor work decreased,
whereas concentric and eccentric hip flexor increased during
cycling. Negligible activity of the concentric knee flexor and
the eccentric hip extensor was recorded.
Covered distances, times to exhaustion, and
power. Figure 10 shows that group-averaged distances
achieved in the first forced smooth cycling trial (1279 T
488 m) exceeded distances achieved in the first free
FIGURE 7—Power generated (concentric, positive) and absorbed
(eccentric, negative) in the hip (solid gray) and knee (solid bl ck) joints
made in the power break-in phase P1 (t = 75–80 and 170–175 s)
during freewheel (A) and fixed-gear (B) cycling of patient 1,
respectively. Net power is given as dashed–dotted curve. Crank
angular regions with concentric- and eccentric-acting extensor or
flexor moments are marked with corresponding (concentric as
positive and eccentric as negative) straight lines and labels (e.g.,
KNEE EXT MOM). The stimulation intervals of muscles are
indicated by gray bars and labels (e.g., LEFT QUAD).
FIGURE 8—Time course of left and right concentric (positive),
eccentric (negative), and net muscular work per revolution during
freewheel (A) and fixed-gear (B) cycling of patient 1. Passive work
(change of the kinetic and potential energy of the legs) is also
presented (5-s average intervals). cc, concentric; ec, eccentric.
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(b) Forced smooth pedalling.
Figure 1.6: Reproduced from Szecsi et al. [2007], with permission. Power g nerated (concen-
tric, positive) and absorbed (eccentric, negative) in the hip (solid gray) and knee (solid black)
joints. Nett power is given as dashed-dotted curve. Crank angular regions with concentric-
and eccentric-acting extensor or flexor moments are marked with corresponding (concentric
as positive and eccentric as negative) straight lines and labels (e.g., KNEE EXT MOM). The
stimulation intervals of muscles are indicated by gray bars and labels (e.g., LEFT QUAD).
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extension moment was measured about the knee simultaneously with a flexion moment about
the hip. The knee extension moment was responsible for the generation of concentric, positive
power while the hip flexion moment generated eccentric, negative power, the difference of
which gave the nett power in the region where the two moments occurred simultaneously.
In the figure the eccentric power is seen to be comparable for both free and forced smooth
pedalling. However, the latter produced increased concentric power. This indicates that greater
nett power was generated when producing a larger knee extension moment. If the hip flexion
moment could be reduced, without influencing the knee extension moment, a further increase
in the nett power would be seen.
These results show that the co-activation of the Quadriceps muscles, currently used in FES
cycling, reduce the PO. This would also contribute to the poor efficiency, as metabolic energy
is expended to produce both the knee extension and hip flexion moments.
1.5 Research question
Thus far we have seen that the low PO and efficiency values are most likely due to the simul-
taneous generation of both knee extension and hip flexion moments, during the cycling action.
From table 1.1, RF stands out as the only component muscle of the Quadriceps group that has
the dual function of both knee extension and hip flexion. The Vastii on the other hand, only
perform knee extension actions. During FES cycling with surface stimulation electrodes, the
typical electrode placement [Perkins et al., 2001; Szecsi et al., 2007] is such that all of the su-
perficial muscles of the Quadriceps (RF, VM and VL) are activated simultaneously. This would
produce the situation seen, where a knee extension and hip flexion moment are produced to-
gether. Even for AB cyclists the work of Hakansson and Hull [2005] and Johnston et al. [2007],
showed that there should be a difference in the onset and offset angles of RF, VM and VL.
These observations imply that the method currently used to stimulate the Quadriceps, is
one of the main factors influencing the biomechanics of the FES cycling action, which con-
tribute towards the low efficiency. This gave rise to the research question of this thesis, namely:
Is it possible to maximise knee extension moments, Mk, while minimising hip flex-
ion moments, Mh, using selective surface stimulation of the superficial muscles of
the Quadriceps?
If such selective stimulation is practicable, PO should be increased in FES cycling.
The approach taken to answer the research question was to design and construct an appa-
ratus that directly measured moments generated about the knee and hip joints, in response to
electrical stimulation of the Quadriceps with careful placement of the stimulating electrodes,
intended to selectively stimulate target muscles. Even though the eventual application of this
research was with SCI cyclists, the studies presented here were only carried out with AB sub-
jects. The reason for this was to investigate the feasibility of the selective stimulation without
contributing factors due to SCI.
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During the course of this research, questions arose regarding the initial joint moment mea-
surements. The scope of the study was, therefore, expanded to include EMG measurements
of the stimulated muscles. Consequently, an additional contribution of this thesis, is the devel-
opment of a system which is able to simultaneously measure joint moments and evoked EMG
responses to electrical stimulation. Although the system itself is perhaps limited in the range of
applications for which it can be used, the knowledge gained while working on this thesis can be
carried across to other projects.
For this reason, a number of chapters are dedicated to discussing the design and develop-
ment of the various pieces of electronic equipment. Furthermore, it was necessary to discuss
the Biphasic stimulator (Chapter 5) and the Blanking EMG amplifier (Chapter 6) in great de-
tail, because it is difficult to record the evoked EMG signals in the presence of stimulation
artefact. Even with the appropriate apparatus, the recording of useful EMG signals proved to
be complicated, as discussed in Chapter 7.
1.5.1 Thesis outline
Figure 1.7 shows how the thesis has been structured. The two main contributions, namely, the
investigation of the research question and the development of the system, are represented on
either axis. The Chapters discuss the consecutive steps taken to develop the system. The Parts
outline the broader view of the thesis, in which the Chapters were grouped together according
to various aspects of the research question. A brief outline of each Part and Chapter is provided.
Figure 1.7: Thesis layout, showing the various steps taken to answer both the research question,
as well as the development of the system.
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Part I: FES in context
Chapter 1 - Background and thesis outline
The concept of FES cycling is introduced. Reasons for the low PO and efficiency of SCI cy-
clists are discussed. The most likely cause appears to be biomechanical in nature, specifically
that the current placement of stimulating electrodes on the Quadriceps results in the simulta-
neous generation of both a knee extension and a hip flexion moment. This has the effect of
reducing the nett PO during cycling. The research question is introduced, namely to investigate
selective stimulation of the Quadriceps with the intention of reducing the hip flexion moment.
This served as the starting point for both the investigation of the research question and the
development of the system required to answer the question.
Part II: Biomechanical analysis
To answer the research question it was decided to directly measure the joint moments while
selectively stimulating the Quadriceps muscles through careful placement of the electrodes.
Chapter 2 - Bi-moment chair for the measurement of hip and knee joint moments
A biomechanical analysis of a seated subject was performed, with the aim of determining the
magnitude of the joint moments. This lead to the design and construction of the Bi-moment
chair, a system capable of simultaneously measuring moments about the knee and hip joints in
a seated subject.
Chapter 3 - Error analysis and validation of Bi-moment chair measurements
Measurement errors are inherent in all equipment. It was therefore necessary to perform an
error analysis of the Bi-moment chair to determine the size of the errors associated with it.
This also helped to highlight the type of analysis that the Bi-moment chair should be used for,
namely, a comparative analysis of joint moments.
Chapter 4 - Joint moments captured using the Bi-moment chair
Three different stimulating electrode positions were investigated; Standard (non-selective stim-
ulation of the Quadriceps), Rectus (selective stimulation of RF) and Vastii (selective stimulation
of VM and VL). An initial study was carried out with the Bi-moment chair, in which knee and
hip joint moments were measured while stimulating with each of the three electrode positions.
It was expected to see a reduction in the hip flexion moment when stimulating with the Vastii
position, as compared with that measured using the Standard position. However, analysis of the
results showed that this was not the case and the reason behind these results was not understood.
It was therefore deemed necessary to measure the evoked EMG response in the three superficial
muscles of the Quadriceps (RF, VM and VL) during stimulation, to ascertain whether or not
placement of the stimulating electrodes was selectively stimulating the muscles.
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Part III: Capturing evoked EMG measurements
When recording evoked EMG responses it is possible to have stimulation artefact present in
the measurements, in addition to the desired M-wave signal. The closer the EMG recording
electrodes are placed to the stimulating electrodes, the more likely the M-wave measurement
will be distorted, or even completely obscured, by the stimulation artefact. The presence of
the stimulation artefact becomes especially problematic when trying to record evoked EMG
responses in the stimulated muscle (i.e. placing the recording electrodes between the stimu-
lating electrodes). It is therefore necessary to eliminate the stimulation artefact, which can be
done through the choice of stimulator and EMG amplifier, and, by giving consideration to the
interaction of all these apparatus while recording the EMG.
Chapter 5 - Constant current biphasic stimulator with pulse width ratio adjustment
The stimulator required to reduce stimulation artefact needs to produce a biphasic output pulse.
Furthermore, the pulse width of one of the phases should be adjustable. In so doing, residual
charge deposited on the stimulating electrodes during the stimulation pulse, which is a source
of stimulation artefact, can be eliminated. Chapter 5 presents the design and construction of
such a stimulator.
Chapter 6 - Current conveyor based blanking EMG amplifier
EMG amplifiers are susceptible to saturation, when large signals, such as a stimulation pulse,
are applied across the input terminals. If the time required for the amplifier to recover from
saturation is greater than the latency of the M-wave to be measured, the amplifier will fail to
record the desired signal. To prevent such a scenario, a Blanking EMG amplifier was designed
and developed. The Blanking amplifier is shut down during the stimulation pulse preventing
saturation.
Chapter 7 - Stimulation artefact: understanding the causes and reducing the effect
There are several mechanisms that result in stimulation artefact. Exactly which of these mech-
anisms are at work, and the extent that each influences the final EMG measurement, is unique
to the equipment used in the experimental setup, and how the pieces of equipment interact.
This chapter discusses the various mechanisms when using the Biphasic stimulator and
Blanking amplifier. By identifying how the stimulation artefact arises in the first place it was
then possible to present various methods for reduction.
Part IV: Biomechanical and evoked EMG analysis
Evoked EMG signals (M-waves) indicated whether, for particular placement of the stimulat-
ing electrodes, the targeted muscles were stimulated without the unintentional stimulation of
adjacent muscles.
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Chapter 8 - Simultaneous measurement of joint moments and M-waves
The Bi-moment chair was used in a study with 10 subjects, in which joint moments were mea-
sured, while simultaneously measuring the M-waves in the superficial muscles of the Quadri-
ceps, during stimulation with the three electrode positions introduced in Chapter 4. The selec-
tivity of the stimulation, as indicated by the M-wave measurements, is considered. The joint
moments are revisited, in combination with the EMG measurements, to investigate how the
muscles are activated by the stimulation to produce the measured moments. Finally the impli-
cation of these results, with regards to research question, is discussed.
Chapter 9 - Discussion and future work
A summary of the main outcomes from the thesis, both in terms of system development and
the research question, are presented. Limitations of the system currently used are discussed and
ways to improve the system are proposed for future work. The possibility of using selective
stimulation to improve the PO in FES cycling is considered.
Part II
Biomechanical analysis
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Chapter 2
Bi-moment chair for the measurement of hip
and knee joint moments
2.1 Introduction
The main aim of this thesis is to investigate whether it is possible to selectively stimulate the
superficial muscles of the Quadriceps, thereby generating a knee extension moment with as
little hip flexion moment as possible. In Section 1.1 the function of the component muscles of
the Quadriceps were presented. Here it was seen that Vastus medialis (VM) and Vastus lateralis
(VL) produced knee extension, while Rectus femoris (RF) produced both hip flexion and knee
extension. It was therefore decided to selectively stimulate the Vastii, so as to produce only
a knee extension. To investigate the efficacy of this selective stimulation it was necessary to
measure the resultant joint moments, about both the hip and knee joint centres simultaneously.
The eventual application of this research was intended for FES cycling, which is a dynamic
action. According to Winter [2005], the determination of joint moments during cycling would
involve performing a dynamic freebody analysis. For such an analysis a number of variables
need to be known:
• Kinetic forces - Internal and external forces causing the movement.
• Kinematic variables - Variables describing the movement (such as displacements, veloc-
ities and accelerations)
• Anthropometric data - Information such as the mass, centre of mass, centre of rotation
and moment of inertia for the various limb segments of the lower leg.
The measurement of all these variables is challenging, therefore, to avoid the complexities
of such an analysis it was decided to focus on the central idea, namely the influence of selective
surface stimulation on joint moments. Consequently it was decided to use a simpler approach,
by measuring the joint moments in a seated subject, whose movement was restricted. This
meant that a static freebody analysis could be performed, provided that the external restraining
forces were known.
For a seated subject a dynamometer is normally used to measure knee extension moments.
However standard dynamometers do not provide any facility to measure the hip joint moment.
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For our purpose it was necessary to measure both. To this end a Bi-moment chair was developed
that could measure both joint moments simultaneously. The focus of the rest of this chapter is
the design, construction and implementation of the Bi-moment chair.
2.2 Freebody analysis of a seated subject
Figure 2.1 shows the link-segment models used in the freebody analysis of a seated subject.
The analysis is done in two parts, firstly, only the shank (part of the leg below the knee joint)
is considered as in figure 2.1(a), after which the entire leg below the hip joint is analysed (fig-
ure 2.1(b)). Three types of forces are shown in the figures, gravitational forces msg and mstg,
joint reaction forces Rk and Rh, and, the external restraining forces Fs and Ft. The knee
extension moment, Mk, and the hip flexion moment, Mh, are also shown.
(a) Model for the shank. (b) Model for the shank and thigh.
Figure 2.1: Link-segment models used in the freebody analysis of a seated subject. (Anatomical
outline adapted from an image in The Atlas of Musculo-skeletal Anatomy by Chris Jarmey,
published by Lotus Publishing and North Atlantic Books, copyright ©2004 by Chris Jarmey.
Reprinted by permission of publisher.)
For a subject seated in the Bi-moment chair, two distinct situations occur. Initially there
would be no stimulation and the subject would be at rest. The second situation occurs when
the muscles of the Quadriceps are stimulated thereby causing changes in the moments about
the knee joint centre (KJC) and hip joint centre (HJC). These joint moment changes are the
moments of interest. Even though a change occurs in the joint moments, the movement of the
subject is prevented, thereby ensuring that at all times, all of the forces and moments shown in
figure 2.1, are in static equilibrium. Consequently the following condition is met:
∑
M = 0 (2.1)
By applying equation 2.1 about the KJC in figure 2.1(a), we can find two equations for
Mk; one for the subject at rest and one during stimulation (equations 2.2 and 2.3 respectively).
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Because the subject is restrained, thereby preventing movement in the leg, the position of the
centre of mass (COM) would remain unchanged for both situations. Consequently the same
direction vectors, Dkfs and Dkcom, can be used in both expressions. The joint reaction force
is omitted from the analysis as it acts at the joint centre, thus not contributing towards the knee
joint moment.
Mk rest = Dkfs × Fs rest + Dkcom ×msg (2.2)
Mk stim = Dkfs × Fs stim + Dkcom ×msg (2.3)
The change in joint moment can be found by taking the difference between equations 2.2
and 2.3, whereby the moments due to the gravitational forces are eliminated.
∆Mk = Mk stim −Mk rest = Dkfs ×∆Fs (2.4)
Using a similar approach (applying equation 2.1 about the HJC in figure 2.1(b)), the change
in Mh can be found:
Mh rest = Dhfs × Fs rest −Dhft × Ft rest + Dhcom ×mstg (2.5)
Mh stim = Dhfs × Fs stim −Dhft × Ft stim + Dhcom ×mstg (2.6)
∆Mh = Mh stim −Mh rest = Dhfs ×∆Fs −Dhft ×∆Ft (2.7)
The changes in the joint moments, ∆Mk and ∆Mh, can therefore be quantified by only
considering the changes in the two external forces, ∆Ft and ∆Fs. For simplicity the ∆ signs
are omitted throughout this thesis, as in equation 2.8.
Mk = Dkfs × Fs Mh = Dhfs × Fs −Dhft × Ft (2.8)
It should be noted that the vector moments have a xˆ, yˆ and zˆ component, the zˆ component
of which describes the knee extension and hip flexion moments.
This analysis showed that the Bi-moment chair was required to measure the magnitudes
and directions of forces Fs and Ft, relative to the KJC and HJC, so that the joint moments could
be calculated. Figure 2.2 shows a schematic diagram of the Bi-moment chair. The magnitude of
the forces, Ft and Fs, were measured using strain gauge transducers, labelled as SG1 and SG2
in the figure. The Bi-moment chair was intended to be a stand alone measurement apparatus
without the need to use a motion analysis system to take position measurements. Therefore
position sensors known as spring pots, labelled as sp1 through sp4, were used to determine the
direction of the forces and to monitor the position of the KJC.
The cord attached between the shank and SG2 was necessary to measure Fs, however, it
also restricted forward movement of the leg. The subject was further held in place through the
use of a number of straps running across the shoulders and hips (not shown in the diagram1). In
1Figure 2.9 shows a photograph of a subject in the Bi-moment chair in which the restraining straps can be seen.
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so doing the movement of the subject was constrained which was necessary to justify the use
of the static freebody analysis presented, and the assumption that the position of the HJC was
constant. This assumption, along with a number of other assumptions mentioned throughout
this chapter, are summarised in Table 2.1.
Figure 2.2: Schematic representation of the Bi-moment chair, showing a seated subject and the
position of the strain gauge transducers and spring pots.
Table 2.1: Assumptions made by the Bi-moment chair.
Assumptions regarding movement of the subject
1 The restraining straps were sufficient to ensure that stimulation of the Quadriceps caused
no movement in the COM of the shank or thigh.
2 The position of the HJC was constant.
3 No lateral movement in the KJC.
4 No lateral movement in point pft.
Assumptions regarding the set up procedure when first seating a subject in the chair
1 sp2 positioned directly above the KJC.
2 String between sp2 and the KJC lies parallel with the cord between the thigh and SG1.
3 The subject was seated in the chair such that the position of the KJC and HJC had the
same z-coordinate.
Other assumptions used in the data analysis
1 The dimension measurement lt, as defined in table 2.4, lies parallel to the sagittal plane.
Such an assumption implies that the zˆ offset of the HJC from the GTa is the same as the
zˆ offset of the KJC from the lateral KJCb. When considering the anatomy of the human
leg this is unlikely to be true. However, the length of lt would be much greater than
the size of the offsets. Consequently any error introduced through this assumption was
considered to be negligible.
a Greater trochanter. b The knee joint space between the femur and tibia on the lateral side of the leg, located
through palpation.
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The schematic diagram of the chair (figure 2.2) shows a very narrow seat. This was inten-
tionally done so that the seat was only in contact with the subject’s buttocks. This ensured that
there was no reaction force between the thigh and the chair seat, as such a force had not been
accounted for in the freebody analysis. It was therefore necessary to support the thigh to ensure
that it was held in a horizontal position. One end of the support was attached to the thigh while
the other end was attached to SG1. Initially the support took the form of a rigid bar, however,
later on the bar was replaced with a sling attached to a cord, as discussed in Section 3.2.3.
SG1 and sp2 could be moved forwards and backwards, to account for the different leg
lengths of the subjects. It was also possible to move these two sensors to the left and right to
ensure that sp2 was always located directly above the KJC.
In the remainder of this chapter, the hardware design and calibration of the sensors used in
the Bi-moment chair is presented in Sections 2.3 and 2.4 respectively. The analysis of the data
collected from the chair is then discussed in Section 2.5, where the procedure used to calculate
the moments is laid out.
2.3 Construction of the Bi-moment chair
The Bi-moment chair hardware can be grouped into four main categories:
1. Data acquisition card.
2. Sensors.
3. Stimulation equipment.
4. Sensor electronics box.
Figure 2.3 is the wiring diagram of the hardware. It shows the constituent parts of each
group, as well as the electrical connections between each part.
2.3.1 Data acquisition card
The sensor data was recorded using a laptop with a NI DAQ6024E data acquisition card, running
a real time Simulink program. The data was later processed and analysed using MATLAB. The
specifications of the data acquisition card have been included in Section A.1 of Appendix A.
2.3.2 Sensors
The sensors consisted of the spring pots, sp1 through sp4, and the strain gauge transducers,
SG1 and SG2. The sensor measurements were used in the calculation of the joint moments.
Spring pots
The spring pots serve as position sensors and are used to determine the position of the points,
pft and pfs (refer to figure 2.2), as well as the vertical position of the KJC. They are each
constructed from a rotary potentiometer connected to a pulley and a spring motor, as shown in
figure 2.4(a). Spring pots were originally used by Yu [1999].
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Figure 2.3: Wiring diagram of the hardware used to construct the chair, showing the categories
into which each part was grouped.
The pulley was enclosed within a case to prevent the string from jumping off of the pulley,
which would adversely affect the measurements. The radius of the pulley, rp, is related to the
number of revolutions of the potentiometer, nr, and the measurement range of the spring pot,
lsp, as in equation 2.9.
lsp = nr2pirp (2.9)
The spring pots were customised according to their application in the Bi-moment chair,
and the expected range of movement that each would need to monitor. The specifications for
each spring pot is given in table 2.2.
Table 2.2: Spring pot specifications
Spring pot Value (kΩ) Linearity (%) nr lsp (mm) rp (mm)
sp1 5± 3% 0.5 1 35 6
sp2 5± 3% 0.5 1 43 7
sp3 5± 5% 0.25 3 275 14
sp4 5± 5% 0.25 3 233 12
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(a) A spring pot module. (b) A strain gauge transducer.
Figure 2.4: The sensors.
Strain gauge transducers
The strain gauge transducers were were used to measure the magnitude of the forces Fs and Ft.
Each strain gauge transducer consisted of four 120Ω strain gauge foils attached to a U-shaped
metal bar, as shown in figure 2.4(b).
2.3.3 Stimulation equipment
The equipment used for the stimulation of the muscles was developed jointly by the Department
of Medical Physics and Bionegineering at UCL and the Salisbury District Hospital. It has been
used for many years in FES clinical trials.
286 Portable computer
A 286 computer communicates with the Stanmore stimulator by means of a terminal program,
Telex. The program is used to set the stimulation parameters. The 286 computer was included
in figure 2.3 so as to present a complete picture of the ground paths present in the setup.
Optoisolator
The optoisolator provided electrical isolation between the 286 computer and the Stanmore stim-
ulator. Refer to Section A.2.1 of the Appendix for the optoisolator circuit diagram.
Stanmore stimulator
The Stanmore stimulator is an eight channel, monophasic, constant-current stimulator [Phillips
et al., 2003].
Pulse width recorder
The pulse width recorder generates a DC voltage that is proportional to the intensity of a burst
of stimulation. This waveform was used to identify the timing of the stimulation bursts, which
is further discussed in Section 2.5.1. The circuit diagram for the pulse width recorder can be
found in Section A.2.2 of the Appendix.
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Stimulating electrodes
The stimulating electrodes used are commercially available PALS Platinum Neurostimulation
electrodes.
2.3.4 Sensor electronics box
A shielded box was constructed that facilitated the electrical connections to the DAQ6024E It
also housed the required power supplies, the spring pot driving circuitry and the strain gauge
amplifiers. Detailed specifications, design steps and circuit diagrams for each part have been
included in Section A.3 of Appendix A.
The fully assembled chair electronics box is shown in figure 2.5. The box was powered
directly from mains. The front and back panels, as well as the shield coating inside the box
were connected to mains earth. On the front panel shown in figure 2.5(c), a 4mm socket can be
seen. This was used to connect the cases of the Biphasic stimulator and Blanking amplifier to
earth, as mentioned in Chapters 5 and 6.
In Chapter 8 it was mentioned that the DAQ6024E and the real time Simulink program were
later replaced with the CED Micro1401 and Signal software, as the data acquisition system. The
chair electronics box was modified so that the sensor output signals could be connected to the
Micro1401 instead of the DAQ6024E. This involved adding op-amp unity gain buffers to the
electronics (see figure 2.5(b)), the output of which went to BNC connectors on the front and
back panels of the box (see figures 2.5(c) and 2.5(d)).
2.4 Calibration of the sensors
Calibration measurements were taken for the spring pots and the strain gauge transducers.
2.4.1 Spring pot calibration
The spring pots functioned as position measurement devices by producing a voltage signal
proportional to the length of string extended from the spring pot. The supply rails between
which the spring pots operated was ±4.3V (refer to Section A.3.1).
Once a subject was seated in the Bi-moment chair, the spring pot strings were attached as in
figure 2.2, in such a way that the potentiometer voltage was approximately in the middle of the
±4.3V range. The measurement range of the spring pot, lsp in table 2.2, was used to generate a
fitted calibration line, as shown in figure 2.6. The actual length of the string extended from the
spring pot was then measured using a tape measure to find the value lmeas. The corresponding
voltage measurement, Vmeas, was measured with the DAQ6024E.
Using these values it was possible to calculate the offset distance, loffset, and the so-called
adjusted calibration line. The latter was then used to convert any further spring pot voltage
measurements to a corresponding length measurement. By adjusting the spring pot calibration
data in this manner, the spring pots were used to measure variation around a known point as
opposed to an absolute length measurement. The random measurement errors, inherent to the
spring pots, are discussed in Section 3.3.
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(a) Constituent parts of chair electronics box. (b) Modifications made for Micro1401 data acquisition system.
(c) Front panel. (d) Back panel.
Figure 2.5: Sensor electronics box assembly.
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Figure 2.6: Fitted and adjusted calibration lines used for a spring pot.
2.4.2 Strain gauge transducer calibration
The strain gauge transducers were calibrated using weights of known mass suspended from
the transducers, as shown in figure 2.7(a). The average voltage measured at the output of the
amplifiers, over a period of 5s, was recorded using the DAQ6024E. The voltage difference
between no load (no weights suspended) and with a load (weights suspended) was calculated
for a series of weights ranging from 5kg up to 30kg. The results for both strain gauges have
been plotted in figure 2.7(b) and a straight line fitted to the data. It was preferable to use a
voltage difference as opposed to an absolute voltage measurement so that possible errors, due
to drift present in the electronics, were eliminated. The random measurement errors, inherent
to the strain gauge transducers, are discussed in Section 3.3.
The gradients of the two lines in figure 2.7(b) is notably different from each other. This is
due to the fact that the two strain gauge amplifiers were designed with different gain resistor
values to account for the difference in expected magnitude of the forces, Fs and Ft (discussed
(a) Suspended weights.
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SG1: m = −3.97∆V + 0.26
SG2: m = −13.21∆V + 0.09
(b) Calibration measurements.
Figure 2.7: Calibration of strain gauge transducers.
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in Section A.3.2). The gradient of the line for SG2 is much steeper than that of SG1 because
Fs > Ft. The amplifiers output signal has a voltage range of ±5V. Using the gradients of the
two lines, we find that SG1 has a force measurement range of just under 400N, while SG2 has
a force measurement range of approximately 1.3kN.
During the studies, discussed in Chapters 4 and 8, the strain gauges were calibrated at the
start of each day. The data captured, during the sessions carried out on that day, were later
analysed using the relevant day’s calibration data.
2.5 Data analysis and moment calculation
So as to calculate the direction vectors, force vectors and final joint moments, position and
dimension data also had to be captured, in addition to the sensor measurements. The definition
of the positions, dimensions and vectors can be found in figure 2.8. Tables 2.4 through 2.5 give
a brief description of each parameter.
To measure the spatial coordinates (figure 2.8(a) and table 2.3), it was necessary to define
a coordinate system that the positions were measured with reference to. Such a system was
realised by constructing the Bi-moment chair within a frame, as shown in figure 2.9. The ori-
entation of the axes (figure 2.8(a)), corresponds with the convention used by Winter [2005] for
freebody analysis. The axes were positioned so that the origin was located as shown in fig-
ure 2.9. Tape measures attached to the frame aided the position measurements in the xˆ and yˆ
directions. Once the data had been gathered it was then possible to calculate all of the vectors
and moments. Figure 2.10 is a flow diagram outlining the analysis process.
The data captured by the sensors were measurements taken over a period of time. To be
able to use this data the time intervals during which the subject was stimulated, and a force
was applied on the strain gauge transducers, had to be determined. To this end a preliminary
analysis was performed on the pulse width recorder measurement.
(a) Coordinate system. (b) Dimensions. (c) Vectors.
Figure 2.8: Definitions of dimensions, location of three-dimensional coordinates and orientation
of vectors, as used during the Bi-moment chair analysis.
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Table 2.3: Definitions of the spatial coordinates shown in figure 2.8(a).
Spatial coordinates
psp1 (xsp1, ysp1, zsp1) Position of spring pot sp1
psp2 (xsp2, ysp2, zsp2) Position of spring pot sp2
psp3 (xsp3, ysp3, zsp3) Position of spring pot sp3
psp4 (xsp4, ysp4, zsp4) Position of spring pot sp4
pSG1 (xSG1, ySG1, zSG1) Position of strain gauge transducer SG1
pSG2 (xSG2, ySG2, zSG2) Position of strain gauge transducer SG2
HJC (xh, yh, zh) Position of HJC
KJC (xk, yk, zk) Position of KJC
pft (xpft, ypft, zpft) Position of pft, the point of intersection between the
rigid support and the string of sp1
pfs (xpfs, ypfs, zpfs) Position of pfs, the point of intersection between the
cord and the strings of sp3 and sp4
Table 2.4: Definitions of the dimensions shown in figure 2.8(b).
Dimensions
lsp1 sp1 string length measurement
lsp2 sp2 string length measurement
lsp3 sp3 string length measurement
lsp4 sp4 string length measurement
lSG1 Distance between pft and pSG1
lSG2 Distance between pfs and pSG2
lt Distance between the GTa and the lateral KJCb
lk off Offset distance between the KJC and the proximal edge of the patella
a Greater trochanter. b The knee joint space between the femur and tibia on the lateral side of the
leg, located through palpation.
Table 2.5: Definitions of the vectors shown in
figure 2.8(c).
Vectors
DSG1pft Direction vector from pSG1 to pft
DSG2pfs Direction vector from pSG2 to pfs
Dhpft Direction vector from HJC to pft
Dhpfs Direction vector from HJC to pfs
Dkpfs Direction vector from KJC to pfs
Fs Force vector applied at the shank
Ft Force vector applied at the thigh
Figure 2.9: A subject in the Bi-moment chair
showing the reference system used.
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(a) Timing identification. (b) Moment calculation.
Figure 2.10: Flow diagrams of the Bi-moment chair data analysis.
These timing intervals were then used to find the set of initial measurements, consisting
of the force magnitude, position and dimension data. This data was used to find the position of
the HJC, KJC, pft and pfs. The vectors could then be found using these calculated positions,
which in turn were used to find the moments. A breakdown of each of the steps in this analysis
process is presented in the following sections.
2.5.1 Timing interval identification using the pulse width recorder
The Stanmore stimulator is a constant-current, monophasic stimulator. The pulse width, PW ,
of each individual stimulation pulse can be adjusted. The amplitude of the stimulation current,
Istim, is also variable. The stimulation protocol to be used in the study involved bursts of stim-
ulation, the intensity of which was controlled by the PW and Istim settings (further discussed
in Section 4.2.2). The function of the pulse width recorder is to generate a voltage signal, Vpwr,
in response to a burst of stimulation, as shown in figure 2.11.
Figure 2.11: Typical Stanmore stimulator and pulse width recorder signals.
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The amplitude of the generated voltage pulse, ∆Vpwr is dependent on the pulse width,
current amplitude and period, T , of the stimulation signal. Therefore, it was decide to not use
∆Vpwr to identify the time intervals of interest, trest and tstim (shown in figure 2.11). Instead
a moving standard deviation of Vpwr was calculated and used to identify the timing intervals,
refer to figure 2.12.
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Figure 2.12: Pulse width recorder calibration data extraction.
2.5.2 Spring pot string lengths
Figure 2.13 outlines the calculation of the spring pot string lengths and how this step fits into
the overall analysis procedure. As discussed in Section 2.4.1, the string lengths were initially
measured with a tape measure, represented as l˜sp1 through l˜sp4 in the figure, which were used
Figure 2.13: Calculation of spring pot string lengths from voltage measurements recorded by
the DAQ6024E.
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to adjust the Calibration Data (CD) of each spring pot. Linear Interpolation (LI) was then
performed using the CD, as well as the voltage measurements, Vsp1 through Vsp4 , obtained
from the DAQ6024E. This resulted in real-time string length measurements for each spring pot,
lsp1 through lsp4 .
2.5.3 Hip joint centre
The position of the hip joint centre (HJC) had to be estimated using position measurements of
anatomical landmarks taken once the subject was seated in the Bi-moment chair. The position
of the landmark was measured using a dowel stick that pointed at its location. The dowel stick
was held in a specially designed bracket that was attached to the frame of the chair.2 Using
the measuring tapes attached to the frame (refer to figure 2.9), and demarcated positions on
the bracket, it was possible to express the location of the point of the dowel stick in three
dimensional space within the coordinate system used for the chair.
Andriacchi et al. [1980] suggested a method for approximating the position of the HJC
using the position of the greater trochanter (GT) and anterior superior iliac spine (ASIS):
Correct the position of GT in the frontal plane to a point, pB , “1.5-2cm distal to
the midpoint of a line between the right ASIS and the pubic symphysis (PS)” (refer
to figure 2.14(a)).
Bell et al. [1989] suggested a method using the position of only the ASIS:
“The HJC is located at 14% of lAA medial to the right ASIS, 30% of lAA distal
to the right ASIS and 22% of lAA posterior to the right ASIS”, where lAA is the
distance between the left and right ASIS, (refer to figure 2.14(b)).
(a) Andriacchi’s method. (b) Bell’s method.
Figure 2.14: Approximation of the position of the HJC, after Kirkwood et al. [1999], with
permission from Elsevier.
In the initial study of Chapter 4 only the position of the GT had been recorded. The method
used to find the HJC was an adaptation of that of Andriacchi et al. [1980] and Bell et al. [1989].
The one aspect that both methods had in common was a medial displacement of the initial
starting position, in order to approximate the HJC. Following this principle the z-coordinate
position of GT was corrected by an amount equal to 14% of lAA plus the offset between the
ASIS and GT, labelled as lGA in the figure. However, it was difficult to accurately measure lGA.
2Figure 3.4 shows a photograph of the Bi-moment chair when using LiAM (Limb for the Application of Mo-
ments) to validate the joint moment measurements. The dowel stick and bracket can also be seen in the picture.
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This led to the method of Bell et al. [1989] being implemented in the later study discussed in
Chapter 8, when the position of the ASIS was recorded.
The accuracy of the approximations of Andriacchi et al. [1980] and Bell et al. [1989], and
the resultant error introduced into hip joint moment calculations was investigated and compared
by Kirkwood et al. [1999]. This is further discussed in Section 3.4.3 (Additional remarks on the
position of the HJC).
Figure 2.15 outlines the calculation of the HJC within the analysis procedure, showing
both methods presented here.
Figure 2.15: Calculation of HJC position.
2.5.4 Knee joint centre
The position of the knee joint centre (KJC) was calculated using the HJC position and known
dimensions, the flow diagram of which is shown in figure 2.16.
Firstly, the lateral position of the knee was assumed to be in line with that of the hip
(equation 2.10), the validity of this assumption is further discussed in Section 3.4. Next, the
vertical position of the knee was determined relative to the position of sp2 (equation 2.11). The
function of sp2 was to measure small variations in the vertical position of the KJC. Finally,
using the value of yk, the position of the HJC, and, the measured value of lt, it was possible to
calculate the value of xk using a distance formula (equation 2.12).
zk = zh (2.10)
yk = ysp2 −
(
lsp2 + lk off
)
(2.11)
l2t = (xk − xh)2 + (yk − yh)2 (2.12)
2.5.5 Position of point pft
The flow diagram for point pft is shown in figure 2.17. The position of point pft was only
determined in two dimensions, as it was assumed that there was no lateral movement (equa-
tion 2.13). This assumption, the validity of which is further discussed in Section 3.4, was made
as the subjects were positioned in the chair in such a way as to minimise any lateral movement
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Figure 2.16: Calculation of KJC position.
Figure 2.17: Calculation of position pft .
of the leg during knee extension.
zpft = zSG1 (2.13)
From the geometry of the Bi-moment chair setup (refer to figure 2.8), it was possible to
produce distance equations 2.14 and 2.15, for the two unknown coordinates, xpft and ypft.
l2SG1 = (xpft − xSG1)2 + (ypft − ySG1)2 (2.14)
l2sp1 = (xpft − xsp1)2 + (ypft − ysp1)2 (2.15)
An analytical solution for these two distance equations is included in Section A.4 of Ap-
pendix A. It is based on the Simultaneous Solution of Distance Equations (SSDE) for the three-
dimensional case, given in Hsiao and Keyserling [1990] and Yu [1999].
The solution effectively reduces to that of a quadratic equation, which yields two final
positions for pft. However, in the Bi-moment chair application, the positions of SG1 and sp1
were fixed at all times. As a result, the same quadratic equation solution was valid at all times,
which was identified through application of this procedure to an actual data set.
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2.5.6 Position of point pfs
The position of point pfs (flow diagram in figure 2.18), was determined by simultaneously
solving the set of three distance equations 2.16 through 2.18. Once again this solution could be
expressed as a quadratic equation (refer to Section A.4), which had one valid solution that was
identified using an experimental data set.
l2sp3 = (xpfs − xsp3)2 + (ypfs − ysp3)2 + (zpfs − zsp3)2 (2.16)
l2sp4 = (xpfs − xsp4)2 + (ypfs − ysp4)2 + (zpfs − zsp4)2 (2.17)
l2SG2 = (xpfs − xSG2)2 + (ypfs − ySG2)2 + (zpfs − zSG2)2 (2.18)
Figure 2.18: Calculation of position pfs.
2.5.7 Direction vectors
The direction vectors were calculated using equation 2.19, which represents a direction vector
pointing from an arbitrary point pa, to an arbitrary point pb, which have coordinates (xa, ya, za)
and (xb, yb, zb) respectively. This principle was used to calculate all of the directional vectors
listed in table 2.5, using the coordinates found in table 2.3.
Dab = (xb − xa)xˆ+ (yb − ya)yˆ + (zb − za)zˆ (2.19)
A flow diagram showing the direction vector calculations can be found in figure 2.19.
2.5.8 Force vectors
Figure 2.20 outlines the procedure used to find the force vectors.
The first step was to find the time intervals, trest and tstim, (defined in Section 2.5.1).
These time intervals were then used to find the so-called plateau stages, when the muscles were
either fully contracted or fully relaxed. This was normally seen as a constant voltage in the
strain gauge transducer output measurements VSG1 and VSG2.
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(a) DSG1pft andDSG2pfs
(b) Dhpf ,Dhpfs andDkpfs
Figure 2.19: Calculation of direction vectors.
Figure 2.20: Calculation of force vectors Fs and Ft.
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Figure 2.21 shows a typical set of strain gauge transducer measurements with the accompa-
nying Vpwr signal. The length of the plateau was identified through inspection of experimentally
measured data. It was decided to use a plateau duration of 1s at the end of the tstim and trest
intervals. The plateau intervals are highlighted and labelled in the figure as trp, rest plateau,
and tsp, stimulation plateau.
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Figure 2.21: Strain gauge transducer force extraction.
Once the plateau time periods had been identified the second step was to extract the force
magnitude data from the strain gauge transducer measurements. This was done by finding the
average of the voltage measurement during trp and tsp, from which the voltage difference was
found, labelled as ∆VSG1 and ∆VSG2 in the figure. These values were then used with the strain
gauge transducer calibration data (refer to Section 2.4.2), to find the magnitude of the forces,
Fs and Ft.
Next, the force vectors, Fs and Ft, were found using the direction vectors positioned on
the lines of action of the forces, as in equation 2.20.
Ft = −Ft −DSG1pft||DSG1pft|| Fs = −Fs
−DSG2pfs
||DSG2pfs|| (2.20)
The first negative sign accounts for the fact that the forces applied at the strain gauge trans-
ducers are equal and opposite to the forces applied on the limbs, refer to figure 2.2. While the
second negative sign is needed as the direction of vectors DSG1pft and DSG2pfs are opposite
to that of the force vectors, refer to figure 2.8(c).
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2.5.9 Moment vectorsMk andMh
Once the direction vectors and force vectors were known, it was possible to calculate the joint
moments about the knee and the hip, using equation 2.8 (repeated as equation 2.21 in the Sum-
mary). The flow diagram is shown in figure 2.22.
Figure 2.22: Calculation of moment vectors Mk and Mh.
2.6 Summary
The influence of selective stimulation on moments about the hip and knee joints was to be
experimentally measured. This lead to the biomechanical analysis of a seated subject, from
which the kinetic variables needed to calculate the joint moments were identified. The two
main variables were:
1. Force vectors, Fs and Ft.
2. Direction vectors, Dkpfs, Dhpfs and Dhpft.
Using these variables the knee extension moment, Mk, and hip flexion moment, Mh, could be
calculated as follows:
Mk = Dkpfs × Fs Mh = Dhpfs × Fs −Dhpft × Ft (2.21)
Based on this analysis, a Bi-moment chair was designed and constructed. The forces were
measured using strain gauge transducers. The relevant positions, from which the direction vec-
tors could be calculated, were measured with respect to the reference frame of the Bi-moment
chair. For positions that were not expected to be stationary, position sensors in the form of
spring pots, were used to monitor changes.
Chapter 3
Error analysis and validation of Bi-moment
chair measurements
3.1 Introduction
Experimental data always has an inherent measurement error associated with it. If the data
captured is to be of any use, then it is important to not only be aware of the presence of the
measurement error, but also to know the size of the error, and, if possible, ways in which to
reduce it. The size of the error depends on the experimental setup and the equipment used.
Taylor [1982] presents a conventional approach to the analysis of measurement errors, in
which the errors can be classified as one of two types. The first type, random errors, appear as a
statistical variation in a set of repeated measurements, which can lead to either over- or under-
estimation in the final result. The second type are known as systematic errors. These errors
cannot be revealed through repeated measurements and will tend to push a result in a certain
direction, by either consistently overestimating or consistently underestimating a measurement.
However, systematic errors are by their very nature difficult to detect and hard to evaluate.
Taylor [1982] suggests that one should try to limit systematic errors by comparing measurement
equipment against accepted standards.
The joint moment measurements captured with the Bi-moment chair were calculated from
a large number of variables. Some of these variables were directly measured by the chair,
while others comprised the initial measurements that were used as inputs to the data analysis
procedure used by the chair. All of these variables were susceptible to measurement error, each
acting as a possible source of error in the final joint moment calculations. Sometimes the initial
error could be classified as a random error, however, it would then propagate through the data
analysis procedure, so that the final effect of the error was then more akin to that of a systematic
error. Other errors that were present at the start of a session with the chair were categorised
as systematic errors. However the size of these errors were then seen to vary randomly while
capturing measurements with the chair. This made it difficult to investigate the measurement
error of the Bi-moment chair using just a conventional approach, instead several methods were
used to investigate the error.
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Firstly a means to validate the Bi-moment chair measurements was developed. This in-
volved the construction of a spring-loaded dummy-leg that generated moments of known mag-
nitude about pin joint models of the hip and knee joints. These moments were then compared
against the moments measured by the chair. In so doing an indication of the size of the overall
measurement error was obtained, without any of the additional complications that inherently
arise when using a human subject.
Next, the conventional approach in which errors are classified as either random or sys-
tematic was considered. Random errors were identified through repeated measurements, af-
ter which the influence, that each of these errors had on the joint moments, was investigated.
This helped to indicate the sensitivity of the joint moments to the various variables. Chapter
2 discussed a number of assumptions that were used in the joint moment calculations. If the
assumptions did not hold true, they would serve as a source of systematic errors. The validity
of these assumptions was investigated using a Codamotion analysis system.
Finally the overall measurement error was considered in two ways. Firstly, the combined
effect of the random and systematic errors were investigated by using a theoretical approach
presented by Taylor [1982], in which it was possible to obtain an estimation of the overall
standard deviation. Lastly, typical joint moment measurements captured with human subjects
in the Bi-moment chair are presented. These results help to show the shortcomings of the
Bi-moment chair measurements as well as indicate how the chair should be used if the data
gathered is to be of any use.
3.2 Validation of measurements
The purpose for building the Bi-moment chair was to simultaneously measure moments gen-
erated about the knee joint centre (KJC) and the hip joint centre (HJC). This was achieved by
taking force magnitude, length and position measurements, which were then used to calculate
the joint moments. Each of these measurements are inherently susceptible to errors, even before
the additional complications that are introduced when we consider the human factor. For this
reason it was decided to first validate the measurements captured with the Bi-moment chair,
before placing a human subject in the chair, as a way to develop a better understanding of the
instrument itself.
This was achieved by applying known moments about a point in space and using the Bi-
moment chair to measure these moments. The moments were produced using a custom designed
piece of apparatus called the Limb for the Application of Moments (LiAM).
3.2.1 Construction of LiAM
A schematic representation of LiAM is shown in figure 3.1(a). LiAM was built from 18mm
ply-wood and consisted of two thigh sections and one shank section, the dimensions of which
were approximately that of an actual limb, as given in figures 3.1(b) and 3.1(c). The two thigh
sections, used to ensure symmetry of applied forces about the “knee joint”, were placed on
either side of the shank.
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(a) Fully assembled schematic of LiAM showing forces and
moments.
(b) Thigh section dimensions. (c) Shank section dimensions.
Figure 3.1: Schematic representation of LiAM.
A spring loaded shackle was used to generate the moment about the knee joint. This
allowed us to have a “knee moment” without any “hip moment.” For all of the measurements
taken with the aid of LiAM, the hip joint moment was fixed at 0Nm. Prior to placing LiAM in
the Bi-moment chair, a series of calibration measurements were made so that the knee moment
could be read off a scale.
3.2.2 Calibration of LiAM
LiAM was clamped so that the thigh was held vertically and the shank was free to move, as
shown in figure 3.2. A pointer was attached to the thigh at the knee joint, after which a series
of weights were suspended from the shank and the angle of deflection of the pointer, β, was
measured. The magnitude of the knee moment for each mass was calculated using Mk =
mglsfs. The value of lsfs was taken to be 350mm, as in figure 3.1(c). The complete set of
calibration measurements and calculations can be found in table 3.1.
Through trial and error it was decided to fit a fourth order polynomial to the measured
data, using a least squares approach. The result of which is given in equation 3.1. Figure 3.3
shows the measured data and the fitted curve from the polynomial.
β = −0.0002M4k + 0.0107M3k − 0.1663M2k + 0.0004Mk + 98.5021 (3.1)
Using equation 3.1, it was possible to produce a demarcated scale for a range of knee
moments, as shown in figure 3.2. Once the scale had been produced and attached to LiAM a
series of measurements were taken to ensure that the scale gave the correct reading. The results
are shown in table 3.2.
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Figure 3.2: Calibration of LiAM, showing the pointer and demarcated scale.
Table 3.1: Calibration measurements for LiAM.
Calibration measurements
Weight (kg) 0.0 1.4 4.6 4.9 6.4 8.1 9.6 11.5 13.1 15.0 16.5
β (◦) 98.5 98.2 96.0 95.6 94.0 92.2 90.6 88.5 86.7 84.7 83.0
Moment (Nm) 0 4.8 15.8 16.8 22.0 27.8 33.0 39.5 45.0 51.5 56.7
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Figure 3.3: Polynomial fitted to LiAM’s calibration measurements.
Table 3.2: Scale measurements for LiAM.
Weight (kg) 1.4 3.5 6.4 9.9 11.5 14.9 15.0 16.5 18.2 20.0
Moments (Nm) 4.8 12.0 22.0 34.0 39.5 51.2 51.5 56.7 62.5 68.7
Scale reading (Nm) 3 11 22 34 39.5 51 51.5 56.5 61.25 65
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Errors were seen to be present in the scale readings for moments smaller than 22Nm. This
was attributed to the non-linearity of the scale, as shown in figure 3.2, where the space between
markings can initially be seen to be quite small and to progressively increase as the magnitude
of the applied moment increased. Consequently it was difficult to obtain accurate readings from
the scale at the lower moment magnitudes.
Magnitudes above 56Nm were also seen to be erroneous. This was due to the fact that the
measured values in table 3.1 only went up to 56Nm. As a result the polynomial used to generate
the scale could only be confidently used within the range of calibration measurements. Good
correlation was seen in the range 22Nm - 56Nm.
3.2.3 Experimental results for LiAM
LiAM was placed in the Bi-moment chair, as shown in figure 3.4. In the figure a rigid support,
connected to SG1 is seen to support LiAM’s thigh, while a cord connected to SG2 was attached
to LiAM’s shank, exactly as would be the case for a human subject. The magnitude of Fs,
measured using SG2, was determined by adjusting the tension in the cord connected to the
shank. This would change the position of LiAM’s shank, which in turn altered the tension in
the spring loaded shackle and thereby produced a variable knee joint moment. The hip joint
moment produced by LiAM, MhLiAM , was taken to consistently be 0Nm.
Figure 3.4: LiAM positioned in the Bi-moment chair.
Each knee joint moment produced by LiAM actually consisted of two parts, one where
LiAM was “at rest” and one where LiAM was “being stimulated”. The cord was tensioned
in such a manner that the magnitude of the knee joint moment produced by LiAM at rest was
always less than that of the moment produced by LiAM being stimulated, as read directly off of
LiAM’s calibration scale. The difference between these two moments was used to find the knee
extension moment produced by LiAM, MkLiAM , as shown in equation 3.2. The magnitude of
the knee joint moment, Mk, measured with the Bi-moment chair, was compared against the
magnitude of MkLiAM .
MkLiAM = MkLiAM being stimulated −MkLiAM at rest (3.2)
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It was necessary to produce two knee moments, LiAM at rest and LiAM being stimulated,
so that the force magnitudes, Fs and Ft, measured by the Bi-moment chair could be calculated
from a change in voltage measured by the transducers, as discussed in Section 2.5.8.
LiAM was used to produce knee joint moments in a series of three tests. Each test consisted
of a number of Mh, Mk, MhLiAM and MkLiAM measurements, taken over a range of MkLiAM
magnitudes. The percentage difference between the moments captured with the chair and those
produced by LiAM were calculated as in equations 3.3 and 3.4. For both Mk and Mh, the
Mrange value was calculated using the minimum and maximum MkLiAM moments, measured
within a test, as shown in equation 3.5.
% difference in Mk =
Mk −MkLiAM
Mrange
× 100 (3.3)
% difference in Mh =
Mh −MhLiAM
Mrange
× 100 (3.4)
Mrange =
{
Mk max; Mk min ≥ 0
Mk max −Mk min; Mk min < 0
(3.5)
The results for the three tests can be found in figure 3.5. Straight lines were fitted to
the measured data of each test and have also been included in the figure so that trends in the
measurements would be easier to identify.
The trends seen for the percentage difference in Mk was roughly the same for all three
tests. The size of the percentage difference increased as the magnitude of the knee moment
increased. Nonetheless the percentage difference was consistently less than 10%. The negative
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Figure 3.5: Scatter plots of moment error vs Mk.
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percentages indicated in the figure imply that the magnitude of the knee moment measured with
the Bi-moment chair, Mk, was up to 10% less than that produced by LiAM.
When considering the percentage difference in Mh, the same trend was seen in that the size
of the percentage difference increased as the magnitude of the knee moment increased. How-
ever, during the first test the percentage difference was larger than 20% at the higher MkLiAM
magnitudes. This indicated that there was a substantial error in the Mh measurement of the
Bi-moment chair. Consequently it was set about to try and eliminate the source of this error.
A first attempt to eliminate the error involved introducing a ball bearing into the pin joint
that served as LiAM’s hip joint. Previously the pin joint had been realised with a steel rod
pushed through a hole drilled in the ply-wood. It was possible that the friction around the steel
rod was causing the hip joint moment to be something other than the expected 0Nm. In addition
to this, the thigh was supported with a rigid support (refer to figure 3.4). A second possibility
for erroneous Mh measurements was due to the rigid support allowing torsional moments to
be applied on SG1. To prevent this, the rigid support was replaced with a cord and a sling,
as shown in figure 3.6. The sling was custom made with pulleys on the side to prevent the
cord from being able to apply moment to the leg. After these modifications had been made to
LiAM and the setup, the measurements were repeated (test 2 in figure 3.5). However, still no
improvement was seen in the percentage difference of the hip joint moments.
(a) Front view. (b) Side view.
Figure 3.6: Sling used to replace the rigid support.
Next the position of sp1 was considered, as shown in figure 3.7. Initially sp1 was located
behind the subject. In Section 2.5.5 it was shown that the length measurement captured with
sp1 was ultimately used to find point pft, which in turn was used to determine the direction
vector of force Ft (refer to Section 2.5.8), that was finally used to calculate Mh. However, with
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Figure 3.7: Schematic representation of the position of sp1 in the Bi-moment chair.
sp1 positioned behind the subject the calculation of point pft was very sensitive to errors in
the length measurement of sp1. Simply by changing the position of sp1 to be in front of the
subject, as shown in figure 3.7, it was possible to substantially decrease this sensitivity. This was
reflected in the validation measurements captured with LiAM where the percentage difference
in Mh was successfully reduced to less than 10% in the third test (refer to figure 3.5).
Discussion
From these results we were able to show that the moments measured with the Bi-moment chair
were within 10% of the known moments produced by LiAM. The validation measurements
captured with LiAM were also able to highlight important features of the Bi-moment chair:
1. The magnitude, of both moments measured with the Bi-moment chair, was less than the
actual magnitude of the moments produced by LiAM. This indicates that the measure-
ment errors inherent in the Bi-moment chair tend to result in an under-estimation of the
moment magnitudes.1
2. Errors present in the initial measurements (force magnitudes, positions and dimensions)
captured with the chair, propagate through the calculation of the moments and can result
in substantial error in the final joint moments, as identified for the length measurement of
sp1.
The use of LiAM did help to develop a better understanding of the Bi-moment chair and
its capabilities, however, LiAM was a simplified case compared to the situation when using a
human subject. LiAM was perfectly stationary throughout all three tests, and the KJC and HJC
of LiAM were well defined points in space. Neither of which are true for a human subject.
1In retrospect there was an error in the calibration of LiAM. The moment should have been calculated as Mk =
mglsfs cos (90
◦ − β). This would have in part accounted for the under-estimation.
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3.3 Random errors
One of the observations made, in the previous investigation with LiAM, was that any errors
present in the initial measurements could influence the final joint moment measurements. The
initial measurements are inherently susceptible to random errors. According to Taylor [1982]
random errors can be quantified by repeating the same measurement a number of times and
using the standard deviation, σ, to express the measurement error or uncertainty. This approach
was used to estimate the random error present in each of the the initial measurements. The
sensitivity of Mk and Mh, on each of these random errors, was then investigated.
3.3.1 Source of random errors
Spring pots
Measurement errors in the spring pot can originate from the non-linearity of the potentiometers,
stretching of the string and the change in pulley radius through the overlapping of turns as they
wind onto the spring pot [Yu, 1999]. The combined effect of all of these factors was investigated
by extending the string to positions marked on a tape measure around an arbitrarily chosen
centre point. This approximated the type of measurements in the Bi-moment chair where the
spring pots were used to monitor variation in position around a known point, as mentioned in
Section 2.4.1. Figure 3.8(a) shows the measurement obtained for sp1 during five sets of such
measurements. The left axis gives the value of the measured voltage and the right axis gives the
length measurement, obtained using the calibration method discussed in Section 2.4.1.
Figure 3.8(b) shows the difference between the spring pot measurements (right axis of
figure 3.8(a)) and the actual distances demarcated on the tape measure, plotted against the actual
distances. This gives an indication of the spread of the spring pot measurements around a point.
These measurements were repeated for all four spring pots and the standard deviation of the
difference was used to represent the measurement error associated with each spring pot. The
results are given in table 3.3.
Strain gauge transducers
Figure 3.9 shows the fitted lines for 30 different calibration measurements, taken for both strain
gauge transducers, that show the day to day variance. The lines do not exactly overlap, but
instead some spread is present between the measurements. For both SG1 and SG2 the spread
tends to become greater as the amount of force applied to the transducer increases. This has
been indicated in the figure for SG1 at m = 5kg and m = 30kg.
The strain gauge transducer amplifiers did allow an offset adjustment to be made (refer to
Appendix A, Section A.3.2). However, as the force measurements were determined from the
change in voltage, ∆V , measured by the strain gauge transducers, and not the absolute voltage,
any offset that may have been present in the voltage measurements would not affect the resultant
force magnitudes.
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Figure 3.8: Spring pot measurement error analysis.
Table 3.3: Standard deviation of spring pot measurements.
sp1 sp2 sp3 sp4
σsp x (mm) 0.28 0.51 0.53 1.38
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Figure 3.9: Variation seen in strain gauge transducer calibration measurements.
The standard deviation in the ∆V values was found at increments of 5kgs, corresponding
to the series of weights used to take the calibration measurements. A mass-dependent expres-
sion for the standard deviation was then found, as given in equation 3.6.
σSG1 = 0.0037 ·m− 0.0040 σSG2 = 0.0011 ·m+ 0.0015 (3.6)
Position and dimension measurements
There is also an inherent uncertainty in the position and dimension measurements, listed in
tables 2.3 and 2.4. These measurements were recorded at the start of a session using measuring
tapes and the frame reference within which the chair was constructed. This meant that these
measurements were particularly susceptible to mis-readings, parallax and stretchability of the
measurement tapes used. Over a series of 10 days, the measurements were recorded for a fixed
chair setup. The standard deviation was then calculated, as shown in table 3.4.
Table 3.4: Standard deviation of position and dimension measurements.
Position measurements
sp1 sp2 sp3 sp4 SG1 SG2 Average
σx (mm) 0.70 1.52 1.26 1.45 1.35 1.49 1.30
σy (mm) 1.55 0.92 0.88a 1.20a 0.84 3.25 1.44
σz (mm) 2.30 0.74 2.22 1.18 0.32 3.10 1.64
Dimension measurements
lsp1 lsp2 lsp3 lsp4 lSG1 lSG2 lt lk off Average
σl x (mm) 3.71 3.16 2.22 3.02 0.52 1.63 1.40 0.42 2.01
a As found from data sets recorded over 9 days, due to an outlier in the measurements.
3.3. Random errors 52
The standard deviation of the position measurements are all on the order of a few mm.
The y values for sp3 and sp4 were found to have an outlier in their data sets, attributed to a
recording error. If the outlier was included, standard deviations of 19.80mm and 20.34mm,
respectively, were found. This is a clear indication of the care that needs to be taken when
recording the position and dimension measurements, as this would cause a large error in the
final joint moment calculations.
3.3.2 Influence of random errors on calculated joint moments
Thus far the errors associated with individual measurements have been discussed. Each of
these errors will propagate through the data analysis procedure (refer to Section 2.5) and have
an influence on the final calculation of the moments. Figure 3.10 shows a flow diagram of these
errors and their relationship with various parts of the procedure.
Figure 3.10: Error propagation flow diagram.
As mentioned earlier, the sensitivity of the calculation of the moments, on the measure-
ment error associated with each initial measurement, was investigated individually. This was
accomplished by taking an actual data set captured for a subject, introducing an error, equal to
one standard deviation, into the raw data to create a modified data set. The now-modified data
set was then used to calculate the joint moments, the result of which was compared with the
joint moments calculated using the original unmodified data set. The results are presented in ta-
bles 3.5 through 3.7. The percentage error shown in the tables was calculated as in equation 3.7.
% error in M =
Mmodified −Moriginal
Mrange
× 100 (3.7)
The stimulation protocol used in the chair study is discussed in greater detail in Sec-
tion 4.2.2. For the purposes of the tabulated data presented here, it is sufficient to know that
the stimulation protocol consisted of 9 bursts of stimulation, the stimulation intensity increas-
ing with each burst. The Mrange value seen in equation 3.7 was found as in equation 3.8, using
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the original data set’s minimum and maximum moments over all nine stimulation bursts.
Mrange =
{
Mmax; Mmin ≥ 0
Mmax −Mmin; Mmin < 0
(3.8)
In the tables, percentage errors less than 0.1% were considered to be negligible and have been
omitted, while errors greater than 2% (an arbitrarily chosen limit), were highlighted.
Sensitivity of moment calculations on errors inherent to the spring pots and the strain
gauge transducers
Table 3.5 lists the percentage error found in the moment calculations due to the spring pot er-
rors (refer to table 3.3) and the the strain gauge transducer errors (described by equation 3.6).
The mass required to produce a gravitational force equivalent to the maximum force magni-
tude measured in the original data set was used to calculate σSG1 and σSG2, thereby giving an
approximation of the expected error for the worst case scenario.
From table 3.5 it was seen that errors inherent to sp2 and sp4 propagated through to the
knee moment, while sp1, sp3 and sp4 were found to influence the calculation of the hip moment.
Keeping in mind the fact that sp1 helps to calculate the direction of Ft, sp2 is used to find the
position of the KJC, and, sp3 and sp4 are used to find the direction of Fs, one can easily see
why the errors had an influence on either Mk or Mh, or both. All of the errors were found to
be less than 2%, for the expected measurement error inherent in the spring pots.
It was also seen that the error inherent in SG1 produced a corresponding error in Mh, but
had no effect on Mk. This was to be expected as Mk was solely dependent on Fs (measured
by SG2), while Mh is determined by Fs and Ft (the latter being measured by SG1), refer to
Table 3.5: Sensitivity of moment calculations to σsp and σSG.
Stimulation burst 1 2 3 4 5 6 7 8 9
Error % error in Mk
σsp1 -
σsp2 - -0.1 -0.2 -0.1
σsp3 -
σsp4 - -0.1 -0.1 -0.2 -0.2 -0.7 -0.9 -0.8
σSG1 -
σSG2 -2.0 -2.0 -1.9 -1.9 -1.8 -1.8 -1.7 -1.6 -1.6
Error % error in Mh
σsp1 - 0.1 0.1 0.2 0.2 0.2
σsp2 -
σsp3 - -0.1 - -0.1 -
σsp4 - -0.1 -0.2 -0.2 -0.2 -0.8 -1.1 -0.9
σSG1 2.0 2.0 2.0 2.0 2.0 2.0 1.9 1.9 1.9
σSG2 -4.4 -4.4 -4.3 -4.2 -4.1 -4.0 -3.9 -3.8 -3.8
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equation 2.8. Even though an error was introduced into Mh, the magnitude of the error was
only 2% or less.
An error in SG2 introduced an error into both Mk and Mh. The error in Mk was approxi-
mately 2% for all nine stimulation bursts. However, the error in Mh was much larger, at around
4% for all nine stimulation bursts.
From these results we can see that the errors inherent to the the spring pots produce negligi-
ble errors in the joint moments. Although the errors introduced by the strain gauge transducers
are larger than those of the spring pots, the errors are still less than 5%.
Sensitivity of moment calculations on position measurement errors
Table 3.6 shows the errors introduced into the joint moment calculations due to errors present
in the position measurements, as listed in table 3.4. The errors present in the position of the
HJC and KJC were taken as the average values of the standard deviations found for the position
measurements shown in table 3.4. This gave an indication of the influence that measurement
errors in the position of the ASIS or the GT would have on the joint moments. Errors inherent
in the determination of the HJC and the KJC are further discussed in Section 3.4.
All of the errors shown in table 3.6, for both Mk and Mh, are less than 2%.
Sensitivity of moment calculations on dimension measurement errors
Finally, the errors associated with the dimension measurements, listed in table 3.4, were used
to calculate percentage errors in the joint moments, as shown in table 3.7. Table 3.7 also shows
the error associated with dimension lAA, which was used in the calculation of the HJC (refer to
Section 2.5.3). The error in lAA was taken as the average standard deviation from table 3.4.
In table 3.7, all of the errors shown for Mk were less than 2%, while Mh had errors
larger than 2% due to random errors present in the measurements of lsp1 and lsp4. The errors
present due to the lsp1 dimension measurement, can be explained when we consider the fact that
dimension lsp1 is used to calibrate sp1, find the position of point pft, determine the orientation
of Ft, which is finally used in the calculation of Mh. The error, however, was not particularly
large, with a maximum percentage error of only 3.1%. The lsp4 measurement is used to calibrate
sp4 and find point pfs, which is in turn used to determine the orientation of force Fs. Finally
Fs is used to calculate Mk and Mh. Once again, even though the errors were greater than 2%,
they were at most, only 2.3%.
3.3.3 Discussion
In the introduction it was mentioned that it was difficult to classify the measurement errors of
the Bi-moment chair as either random or systematic. Although the results presented in this
section were discussed under the topic of random errors, this was not always exactly true. In
this section two main sources of error were identified:
1. Errors inherent to the sensors.
2. Errors present in the initial measurements.
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Table 3.6: Sensitivity of moment calculations on position measurements.
Stimulation burst 1 2 3 4 5 6 7 8 9
Error % error in Mk
psp1
xsp1 -
ysp1 -
zsp1 -
psp2
xsp2 -
ysp2 - 0.1 0.1 0.2 0.3 0.3
zsp2 -
psp3
xsp3 -
ysp3 -
zsp3 - -0.1 -0.1 -0.2 -0.2
psp4
xsp4 - -0.1 -0.1 -0.1
ysp4 - -0.1 -0.1 -0.2 -0.2 -0.6 -0.8 -0.7
zsp4 - 0.1 0.1 0.1
pSG1
xSG1 -
ySG1 -
zSG1 -
pSG2
xSG2 - 0.1 0.1 0.1
ySG2 - 0.1 0.1 0.2 0.3 0.9 1.2 1.1
zSG2 - 0.1 0.1 0.1
HJC
xh -
yh -
zh -
KJC
xk -
yk - 0.1 0.1 0.1 0.3 0.4 0.4
zk -
Error % error in Mh
psp1
xsp1 - -0.1 -0.1 -0.1 -0.1 -0.5 -0.6 -0.4
ysp1 -
zsp1 - -0.1 - -0.1 -0.1 -
psp2
xsp2 -
ysp2 -
zsp2 -
psp3
xsp3 -
ysp3 - -0.1 -
zsp3 - -0.1 - -0.2 -0.3 -0.2
psp4
xsp4 - -0.1 - -0.1 -0.1 -0.1
ysp4 - -0.1 -0.2 -0.1 -0.2 -0.7 -0.9 -0.8
zsp4 - 0.1 0.1 0.1 0.1 0.1
pSG1
xSG1 - 0.1 0.1 0.3 0.4 0.3
ySG1 - 0.1
zSG1 - 0.1
pSG2
xSG2 - 0.1 0.1 0.1 0.1 0.1
ySG2 - 0.1 0.1 0.2 0.3 0.3
zSG2 - 0.1 0.1 0.1 0.2 0.2
HJC
xh - 0.1 0.3 0.3 0.7 0.7 0.6
yh - 0.1 0.1 0.2 0.3 0.8 1.0 0.9
zh -
KJC
xk -
yk -
zk -
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Table 3.7: Sensitivity of moment calculations on dimension measurements.
Stimulation burst 1 2 3 4 5 6 7 8 9
Error % error in Mk
lsp1 -
lsp2 - -0.1 -0.1 -0.2 -0.3 -0.8 -1.0 -0.9
lsp3 - -0.1 -0.2 -0.2 -0.2
lsp4 - -0.1 -0.3 -0.4 -0.5 -1.5 -2.0 -1.7
lSG1 -
lSG2 - 0.1 0.1 0.1
lt -
lk off - -0.1 -0.1 -0.1
lAA -
Error % error in Mh
lsp1 - 0.1 0.2 0.5 0.9 1.0 2.7 3.1 2.3
lsp2 -
lsp3 - -0.1 - -0.2 -0.3 -0.2
lsp4 - -0.1 -0.2 -0.3 -0.4 -0.6 -1.8 -2.3 -2.0
lSG1 -
lSG2 - 0.1 0.1 0.1 0.1 0.2
lt -
lk off -
lAA - -0.1 -0.1 -0.1 -0.2 -0.5 -0.7 -0.5
The errors associated with the sensors (i.e. the spring pots and the strain gauge transducers)
were true random errors. The size of the error varied randomly while capturing measurements
with the Bi-moment chair. Although nothing could be done to reduce these errors, it was nec-
essary to be aware of the size of the errors.
On the other hand, the errors present in the initial measurements were only random in the
sense that when the measurements are initially recorded at the start of a session, the error would
be random. However, after this, the same initial measurements are used throughout the session,
which means that the errors are fixed and propagate through the data analysis procedure in such
a way that they behave more like systematic errors. Nonetheless, the initial measurement errors
were presented in this section, as it was possible to estimate the size of the errors by treating
them as random errors. From this, it was possible to indicate the sensitivity of the final joint
moments on the errors. Generally the results showed that care should be taken when recording
all of the initial measurements to reduce the resultant error in the calculated joint moments.
This was however, especially true for initial measurements lsp1 and lsp4, which were found to
produce the largest errors in the joint moments.
All of the errors presented here were calculated assuming random errors of one standard
deviation. In practice these errors could be smaller, and in the odd exception, larger. The effect
of the errors on the joint moments could also be reversed (i.e. negative values in the tables
indicate a decrease in joint moment magnitude, while the opposite effect would be to increase
the joint moment magnitude, positive values).
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3.4 Systematic errors
In the conventional sense, systematic errors cause a measurement to be consistently over- or
under-estimated [Taylor, 1982]. Aside from the initial measurement errors, that were ultimately
seen to be systematic errors masquerading as random errors, it was inevitable that additional
systematic errors were also present in the Bi-moment chair setup. Typically systematic errors
are difficult to identify. However, by careful consideration of the Bi-moment chair setup, we
were able to identify a few possible sources of systematic error.
3.4.1 Source of systematic errors
Spring pots and strain gauge transducers
The sensors, namely the spring pots and strain gauge transducers, captured voltage measure-
ments which were converted to distance and force magnitude measurements, respectively. An
offset present in these voltage measurements could act as a source of systematic error. To re-
duce the effect of such an offset, the sensors were used to monitor changes in distance or force,
as opposed to absolute magnitudes.
In the case of the spring pots, during the calibration process at the start of each session, the
voltage measurements were “zeroed”, as discussed in Section 2.4.1 .
The force magnitudes were calculated from a change in voltage, ∆V , as measured with
the strain gauge transducers. The ∆V measurement was captured during each stimulation burst
(refer to Section 2.5.8), thereby preventing errors being introduced through drift in the offset,
that might occur in the voltage measurements during the session.
Assumptions
In table 2.1 the assumption used in the Bi-moment chair were listed. Of these, three of the
assumptions regarding the movement of the subject are now considered, namely:
1. The position of the HJC, and by relation the ASIS, was constant.
2. No lateral movement in the KJC.
3. No lateral movement in the position of point pft.
If these assumptions did not hold true, then they would act as a source of systematic error.
The validity of these assumptions was investigated by using a Codamotion analysis system.
This involved placing a subject in the chair. Markers from the Codamotion system were then
placed on the ASIS, the KJC and point pft. In so doing it was possible to monitor these three
positions, throughout an entire session, in real time.
The protocol carried out during the session is discussed in detail in Section 4.2. For now it
is sufficient to know that the stimulating electrodes were placed in three different positions, re-
ferred to as the major positions, namely Standard, Rectus and Vastii. For each of these positions
the Bi-moment chair captured measurements for a number of tests. Each test constituted one
run of the stimulation protocol, where the stimulation protocol consisted of the nine stimulation
bursts, consecutively increasing in intensity.
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Two subjects took part in the investigation, each subject participating in a single session.
The results for subject A are shown in figure 3.11. A similar figure for subject B has been
included in the appendix, figure B.1.
Figure 3.11(a) shows the movement of the ASIS, in three dimensions, and the lateral move-
ment (along the z-axis), of both the KJC and point pft, over time. The top trace in the figure
shows the output of the pulse width recorder (refer to Section 2.5.1), which is used to indicate
the timing of the stimulation bursts.
From the figure two types of positional changes were identified. The most evident is
that which occurs during a contraction initiated by a stimulation burst. For subject A, the
largest movement was seen in the vertical position (along the y-axis) of the ASIS. This was
particularly true for the Vastii position. For the Standard and Rectus positions, the movement
was considerably smaller. Figure 3.11(b) shows the change in position measured due to each
stimulation burst. From the figure we can seen that the absolute magnitude of the change in
position tends to increase as the stimulation intensity increases. For this reason it was decided
to find the standard deviation of these changes in position, for each stimulation burst, as shown
in table 3.8 for both subjects.
From the results in the table we can also see that subject B did not experience as large a
change in position, along any of the directional axes, as experienced by subject A for the ASIS
along the y-axis. This implies that, although it is possible for large movements to occur, it is
not always necessarily the case that they do occur.
The second type of positional changes that occurred, arbitrary movements, refer to changes
in position due to the natural tendency of the subjects to move. This is shown in figure 3.11(a)
by the fact that the baselines of the traces (position measurements between stimulation bursts),
for the different tests, do not overlap. The change in position of the baselines, as compared with
the baseline of the very first test of the session, were used to calculate standard deviation values
for the arbitrary movements. The results were included in table 3.8.
Table 3.8: Standard deviation of movement seen in the ASIS, KJC and point pft.
Stimulation 1 2 3 4 5 6 7 8 9 Arbitraryburst movement
Su
bj
ec
tA
σx asis 1.34 2.10 3.75 3.40 3.80 3.48 3.30 3.17 3.40 4.50
σy asis 1.19 8.48 26.30 27.41 26.26 25.42 26.66 24.17 24.45 7.34
σz asis 1.12 1.53 2.37 2.91 3.05 2.91 2.75 2.98 2.57 10.36
σz kjc 0.80 1.12 2.85 2.85 3.11 3.75 2.93 2.74 2.12 10.65
σz pft 0.21 0.34 0.62 1.19 2.32 1.80 2.02 0.98 1.05 7.48
Su
bj
ec
tB
σx asis 0.73 0.48 0.37 0.78 0.72 1.16 1.61 1.77 2.10 1.71
σy asis 0.66 0.49 0.36 0.89 1.08 1.55 1.31 1.19 1.43 2.57
σz asis 0.59 0.43 0.34 1.02 0.81 1.15 1.83 2.34 2.78 2.55
σz kjc 0.72 0.70 1.32 1.82 1.81 2.45 2.80 2.89 3.47 3.72
σz pft 0.09 0.08 0.13 0.29 0.46 0.77 0.73 1.03 0.96 1.21
All standard deviations given in mm.
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(a) Movement in the ASIS in three-dimensional space and lateral movement (along the z-axis), in the KJC and
point pft.
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(b) Change in ASIS position in three-dimensional space and lateral
change in position, in the KJC and point pft.
Figure 3.11: Codamotion analysis system measurements of movement in the ASIS, KJC and point pft, (subject A).
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3.4.2 Influence of assumptions on calculated joint moments
The average standard deviations, from the results for subjects A and B shown in table 3.8,
were found. After which the procedure outlined in Section 3.3.2 was used again, in which the
average standard deviations were used to modify a data set, from which the percentage error in
the calculated joint moments was found. The results are shown in table 3.9. It should be noted
that for the movements occurring during the stimulation bursts, different standard deviation
values were used for each burst, while the same standard deviation value was used for all nine
bursts, for the arbitrary movements.
Table 3.9: Sensitivity of moment calculations to assumptions.
Stimulation burst 1 2 3 4 5 6 7 8 9
Error % error in Mk
D
ur
in
g
st
im
ul
at
io
n
ASIS
xasis -
yasis -
zasis -
KJC zk -
pft zpft -
A
rb
itr
ar
y
m
ov
em
en
t
ASIS
xasis -
yasis -
zasis -
KJC zk -
pft zpft -
Error % error in Mh
D
ur
in
g
st
im
ul
at
io
n
ASIS
xasis - 0.1 0.2 0.4 0.4 1.2 1.4 1.2
yasis - 0.7 1.3 2.0 2.5 7.6 8.8 8.0
zasis -
KJC zk -
pft zpft -
A
rb
itr
ar
y
m
ov
em
en
t
ASIS
xasis -
yasis - 0.1 0.1 0.3 0.6 0.6 1.6 1.7 1.3
zasis - 0.1 0.2 0.4 0.8 0.9 2.7 3.4 3.1
KJC zk -
pft zpft -
From the table we can see that typical movements, both during stimulation and arbitrary,
in the position of the ASIS, KJC and point pft had no effect on the magnitude of the knee
extension moment, Mk. This implied that although the three assumptions were not technically
true, the use of these assumptions showed no detrimental effect on the calculation of the knee
joint moments.
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The same can be said for the hip flexion moment, Mh, when considering the assumptions
regarding lateral movement in the KJC and point pft. However, this was not the case for Mh
when considering movements in the position of the ASIS. ASIS movements in both the x and
y directions during the stimulation bursts were seen to cause corresponding changes in the Mh
magnitude. While arbitrary movements in the ASIS in the y and z directions were seen to
also produce changes in the magnitude of Mh. This shows that the calculation of the hip joint
moment is sensitive to movements in the ASIS in any direction.
3.4.3 Discussion
Although the errors caused by the assumptions were discussed as systematic errors, this was
once again not exactly true. By definition, systematic errors push results in one particular
direction, so that the final outcome is consistently too large or too small. When we think about
the assumptions, it appears logical to categorise them as systematic errors, as we would expect
the error, provided that the assumptions were not true, to have this very particular influence on
the results associated with systematic errors. However, after investigating the movement of the
three positions assumed to be stationary, it was found that the change in the movements were
random and that the standard deviation with which the size of these movements changed, also
varied throughout the session. Consequently the resultant errors due to the assumptions were
more akin to random errors than systematic errors. Nonetheless, by thinking of these errors as
systematic errors it was possible to identify them in the first place. This then enabled an estimate
of the size of the errors to be found, which in turn was used to investigate the sensitivity of the
final joint moment calculations on these errors.
As already mentioned, the only assumption that could possibly introduce a large error,
specifically into the final hip joint moment calculation, was that of the ASIS being stationary,
when in fact it was not. However, the extent to which this assumption did not hold varied
considerably. Large movements in the vertical direction of the ASIS were seen for subject
A, when testing with the Vastii position. However, for the same subject the movements were
considerably smaller for both the Standard and Rectus positions. This was also the finding for
subject B for all three positions. This shows that although it is possible for a large movement
in the ASIS to occur, it is not always the case; and even when these movements do occur and
cause an error in the magnitude of Mh, the size of the error due to the average movement in the
ASIS, was still less than 10% (refer to table 3.9).
Additional remarks on the position of the HJC
Section 2.5.3 discussed the method presented by Bell et al. [1989], which was used to determine
the position of the HJC from that of the ASIS. Any such method used to approximate the
position of the HJC from an anatomical landmark such as the ASIS, would itself be susceptible
to error.
Kirkwood et al. [1999] investigated the error present in moment calculations, using the
method of Bell et al. [1989], as compared to those calculated with HJC positions found using
the so-called golden standard of HJC location, namely the QUESTOR Precision Radiography
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(QPR) system. A disadvantage of using the results of Kirkwood et al. [1999], is that Kirkwood
et al. [1999] investigated the error during gait, and not in a seated subject as in the Bi-moment
chair. However, the paper of Kirkwood et al. [1999] was the most relevant paper produced by a
literature search. Therefore, even though the circumstance under which Kirkwood et al. [1999]
collected his data was different from that of the Bi-moment chair application, it would at least
give an indication of the size of the error to be expected.
Kirkwood et al. [1999] found that on average using the technique of Bell et al. [1989],
an error of -0.05Nm/kg was introduced into the hip joint moments in the sagittal plane. The
moments were normalised by body weight, which implies that for a subject weighing 75kg, the
hip joint moment would on average be 3.75Nm less than its actual value.
3.5 Overall measurement errors seen with the Bi-moment chair
From the error investigations presented thus far, it is still difficult to say anything about the
overall error present in the joint moment measurements. In this section two approaches are
used to investigate both the size and the type of errors present. Firstly a theoretical approach is
used to quantify the combined influence of both the random and systematic errors. Secondly,
typical measurements captured with the Bi-moment chair were compared against joint moments
calculated using position measurements captured with the Codamotion analysis system.
3.5.1 Combined influence of random and systematic errors
Taylor [1982] described a situation where a number of independent variables (x, y, . . . , z) are
measured, each variable susceptible to random errors that can be described by standard de-
viations (σx, σy, . . . , σz), respectively. If the variables are used to calculate some quantity
q(x, y, . . . , z), then the overall error associated with quantity q can be found as in equation 3.9.
σq =
√(
∂q
∂x
σx
)2
+
(
∂q
∂y
σy
)2
+ . . .+
(
∂q
∂z
σz
)2
(3.9)
Consider the first term of equation 3.9. The partial derivative in this term indicates the
change seen in quantity q, due to a change in variable x. This can be compared with the inves-
tigations carried out in Sections 3.3.2 and 3.4.2, in which the effect on the final joint moments
were determined, due to small changes in individual measurements. This effect was mathemat-
ically described in the numerator of equation 3.7, as the difference in joint moment magnitudes.
Recalling that this difference was obtained for a change of one standard deviation in each of the
individual measurements, equation 3.9 can then be reduced to equation 3.10.
σM =
√ ∑
random errors
(Mmodified −Moriginal)2 +
∑
systematic errors
(Mmodified −Moriginal)2
(3.10)
Using equation 3.10, and the difference in joint moments used to calculate the results
shown in tables 3.5 through 3.7 and table 3.9, it was possible to calculate the overall standard
deviation for Mk and Mh. The results are provided in table 3.10.
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Table 3.10: Overall measurement error, calculated for each stimulation burst.
Stimulation 1 2 3 4 5 6 7 8 9burst
σMk 0.75 0.74 0.71 0.71 0.69 0.70 1.01 1.20 1.10
σMh 0.76 0.75 0.75 0.78 0.81 0.85 1.58 1.81 1.63
Discussion
From table 3.10 we can see that both σMk and σMh tend to increase with consecutive stimula-
tion bursts (i.e. increased stimulation intensity). The magnitudes of Mk and Mh would also
increase as the stimulation intensity is increased. This is therefore a similar result to that seen
with LiAM, in which the percentage difference increased as the magnitude of the knee joint mo-
ment increased. The results from table 3.10 were plotted against the measured joint moments,
as shown in figure 3.12.
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Figure 3.12: Overall standard deviation of joint moment measurements versus the magnitude
of the joint moments.
A notable difference, when compared with the results of LiAM (refer to figure 3.5), is that
in the case of LiAM, the percentage difference was negative, while the combined effect of all
the individual measurement errors is positive. This is due to adding the individual difference in
moment magnitude, in quadrature. However, by looking at tables 3.5 through 3.7 and table 3.9,
we can see that many of the individual percentage errors were in fact negative.
In figure 3.12 straight lines were fitted to the data to give an indication of the relationship
between the overall standard deviation and the joint moment magnitudes. However, it should
be remembered that these results were obtained from a single data set captured with a single
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subject. The investigation carried out here would have to be repeated for numerous data sets,
captured with many subjects, before being able to present a final mathematical formula for the
relationship, similar to those shown in the figure for σMk and σMh . This would be a time
consuming process and may not even yield a useful result.
Instead, typical measurements captured with the Bi-moment chair are presented next, that
serve as a platform with which to discuss the presence of measurement errors and the effect
they have on the type of analysis to be performed with the chair.
3.5.2 Typical joint moment measurements
In the previous sections a conventional approach to error analysis, in which the errors were
categorised as either random or systematic, was used. However, the fact that the measurement
errors present in the chair did not always fit the definition of random and systematic errors was
also discussed. Clearly this meant that the conventional approach towards error analysis was
not entirely sufficient for the chair application. For the joint moment measurements captured
with the chair to be of any use, it was necessary to be aware of how much error was expected to
occur during a session. This was achieved by comparing the a typical set of chair joint moment
measurements against measurements captured using a widely accepted measurement apparatus,
namely the Codamotion analysis system.
In Section 3.4.1, the use of a Codamotion analysis system, to monitor the movements of a
subject seated in the Bi-moment chair, was first discussed. During the two sessions carried out
with subjects A and B, the Codamotion system was used to not only monitor the position of the
ASIS, the KJC and point pft, but all of the positions of the spatial coordinates listed in table 2.3.
The Codamotion captured positions were then used in combination with the Bi-moment chair
force measurements to calculate the joint moments in the same way that the moments would be
calculated using the position measurements captured with the Bi-moment chair.
In Chapters 4 and 8, the joint moments measured with the chair are presented in figures
referred to as moment curves. The reason for presenting the data in such a way is discussed in
Section 4.2.2. For now, it is sufficient to know that the moment curves show a plot of the hip
joint moment, Mh, versus the knee joint moment, Mk. Each trace in the plot corresponds with
one test of the nine burst stimulation protocol. The colour scheme used for the individual traces
is such that the three major stimulating electrode positions mentioned earlier, Standard, Rectus
and Vastii, can easily be distinguished.
Figure 3.13 shows the moment curves captured with the Bi-moment chair (solid lines) and
the Codamotion system (dashed lines). Furthermore, the equations given in figure 3.12 were
used to find σMk and σMh for each test trace measured with the Bi-moment chair. These stan-
dard deviations gave an indication of the uncertainty associated with joint moments captured
during each test, due to measurement error. In figure 3.13, the uncertainty has been indicated
by a shaded area surrounding each Bi-moment chair test trace (solid lines).
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Figure 3.13: Comparison of moments calculated using Bi-moment chair data (solid lines) and
Codamotion analysis system data (dashed lines), as captured with two subjects.
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Discussion
Even though the Codamotion system is also susceptible to measurement error, a similar region
of uncertainty was not indicated in the figure, as it was difficult to quantify the size of this
error. This was in part due to the fact that no indication of measurement error size was given
in the Codamotion system manual [Charnwood Dynamics Ltd, 2008]. Furthermore, just by
considering how the system works, two sources of error become evident. Firstly, the fact that the
Codamotion markers are placed on the skin above the ASIS and the KJC. It is possible that the
skin would move over these bony protrusions as the subject moves. Therefore the Codamotion
system is actually monitoring the position of the markers on the skin, and not necessarily the
anatomical landmark of interest. Secondly, errors could enter the Codamotion measurements
due to a misalignment of the Codamotion coordinate frame with that of the Bi-moment chair.
Nonetheless, even though these errors were present in the Codamotion measurements, the
system was still considered to be more sensitive than the chair. This was because the Codamo-
tion system continually monitored the positions throughout the session, as opposed to initial
measurements captured only at the start of the session. The positions were also monitored in
three dimensional space, whereas with the Bi-moment chair some of the measurements were
limited to two dimensions due to the number of spring pots used. Lastly, errors present in the
Codamotion measurements, such as that caused by the movement of the skin over the bony
landmarks, would also be present in the chair measurements.
The presence of errors in both the Bi-moment chair and the Codamotion system ultimately
meant that some uncertainty existed in the absolute magnitude of the moments captured with
either system. One of the required outcomes of the studies discussed later, was to determine
if the hip flexion moments generated with each of the three major positions (Standard, Rectus
and Vastii) were different from one another, ideally with similar knee extension moments. This
means that the final analysis would be comparative in nature. Consequently, even though an
error could exist in the absolute magnitudes of the moments, provided that differences in the
trends seen with the three positions was still evident, the error would be considered acceptable.
Seeing the same trends in both the chair and Codamotion results, served as an indication that
the Bi-moment chair measurements would be sensitive enough for our application.
A couple of conclusions can be drawn from figure 3.13.
Firstly, the traces for each of the three major positions are grouped together, whether
captured with the Bi-moment chair (solid lines), or the Codamotion system (dashed lines).
This grouping was still evident when the uncertainty, due to measurement error, was taken
into account (shaded areas). This indicates that although the measurement error is present,
the size of the error was not large enough to prevent different trends from being discernible
between the three major positions. This finding shows that measurements captured with the Bi-
moment chair would be sufficient for the intended application and analysis (studies discussed
in Chapters 4 and 8).
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Secondly, when comparing the chair results (solid lines) against the Codamotion results
(dashed lines), in the case of subject A (figure 3.13(a)), excellent correlation was seen between
the two sets of results. However, for subject B (figure 3.13(b)), this was not the case. The results
of subject B, captured with the chair, appear to be rotated clockwise when compared with those
captured by the Codamotion system, which gave rise to the term rotational error.
Even though the chair results were rotated, the same groupings were seen, for each of the
major positions, as those found with the Codamotion results. The uniformity with which the
results were shifted implies that the rotational error was most likely caused by the presence of a
systematic error. There is a strong possibility that the error was a random error introduced at the
start of the session when recording the initial measurements, which then acted as a systematic
error for the rest of the session.
Nonetheless, even though the rotational error has a large impact on the absolute magnitudes
of the moments, the presence of the rotational error would not cause any misinterpretations of
the findings, by performing a comparative analysis on the chair results. In this thesis a compar-
ative analysis means that the joint moments measured for each of the three major positions, for
a single subject, are compared against one another. The results from this comparison can then
be used to analyse data from different subjects. The comparative analysis is however limited
to the case where all of the tests were carried out in a single session, as with the results shown
in figure 3.13 for each of the subjects. For results captured during multiple sessions, it would
be unknown as to whether a rotational error was present in some or all of the sessions. There
would also be no guarantee that rotational errors in different sessions would have the same
influence on the results.
From these observations we can list a few guidelines that should be adhered to when using
the Bi-moment chair:
1. Great care should be taken when recording initial measurements, to reduce the uncer-
tainty inherent in Mk and Mh, due to the presence of random and systematic errors.
2. The assumptions used in the moment calculations can be a source of large errors, partic-
ularly the assumption that the position of the ASIS is constant. The subjects are therefore
required to sit as still as possible during a session, to prevent excessive arbitrary move-
ments. If the subject does happen to move between tests, the position of the ASIS should
be remeasured.
3. If possible, all tests should be carried out during a single session to prevent misinterpre-
tations due to rotational errors.
4. Joint moment measurements should be used in a comparative analysis, as the uncertainty
in the absolute magnitudes is relatively unknown. The comparative outcome from each
session can be used to compare results from different subjects.
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3.6 Summary
The force magnitude, position and dimension measurements captured by the Bi-moment chair,
are all susceptible to measurement error. By treating the errors as random errors, it was possible
to estimate the size of the errors, and to determine the influence that each error had on the final
joint moment calculations. The validity of the assumptions used in these calculations, as well
as the error attributed to the assumptions was also investigated. Table 3.11 summarises the
maximum errors found in Mk and Mh by the various investigations. These results indicate that
in order to help minimise the resultant joint moment errors, great care should be taken when
recording the initial measurements.
Table 3.11: Maximum joint moment error due to different types of individual errors.
Source of errors % error inMk Mh
Errors inherent to sensors
Strain gauge transducers SG1 - 2.0SG2 -2.0 -4.4
Spring pots
sp1 - 0.2
sp2 -0.2 -
sp3 - -0.1
sp4 -0.9 -1.1
Initial measurements
Position measurements
x ±0.1 0.7
y 1.2 1.0
z -0.2 -0.3
Dimension measurements l -2.0 3.1
Assumptions
ASIS (stationary) - 8.0
KJC (no lateral movement) - -
pft (no lateral movement) - -
The combined influence of these individual errors were used to find an approximation for
the overall uncertainty in the joint moments, as shown in equation 3.11.
σMk ≈ 0.01 ·Mk + 0.66 σMh ≈ 0.07 ·Mh + 0.74 (3.11)
An analysis of typical measurements captured with the Bi-moment chair highlighted two
important aspects about the measurements:
1. The overall uncertainty due to random and systematic errors was not large enough to
obscure differences in the results captured for the three stimulating electrode positions,
Standard, Rectus and Vastii.
2. The absolute magnitude of the joint moments could be shifted due to the presence of a
rotational error.
Ultimately this meant that the Bi-moment chair was limited to a comparative analysis of
results captured within a single session.
Chapter 4
Joint moments captured using the Bi-moment
chair
4.1 Introduction
Chapter 2 presented the main objective of the Bi-moment chair, namely to investigate the possi-
bility of selectively stimulating the Vastii in order to generate a knee extension moment with as
little hip flexion moment as possible. This chapter discusses the initial study in which various
electrode positions were tested on able bodied (AB) subjects, and the resultant joint moments
measured.
The way in which the study was structured, namely the electrode positions and the stimula-
tion protocols used, are presented. The measured results were then analysed with consideration
given to muscle fatigue and small deliberate movements in the electrode positions, as well as a
direct comparison of the hip and knee joint moments.
4.2 How the study was structured
The title of the study, initially setup by Dr. Lynsey Duffell, was “Improving the efficiency of
electrically stimulated cycling”, (Kings College Research Ethics Committee approval, Refer-
ence no. CREC/07/07-179).
The following definitions were used:
Study Investigation into the selective stimulation of the Quadriceps by measuring hip and knee
joint moments in response to placing the surface stimulation electrodes in three different
positions, as discussed in Section 4.2.1. The final study (discussed in Chapter 8) aimed
to have 10 able bodied subjects.
Recruitment curve protocol The stimulation protocol used in the study, consisting of 9 bursts
of stimulation, each burst increasing in stimulation intensity (refer to Section 4.2.2).
Session Each subject took part in 3-6 sessions. During each session the subject was seated in
the Bi-moment chair and the joint moments measured in response to a number of tests
of the recruitment curve protocol. The position of the stimulating electrodes was either
one of the three possible major electrode positions, or, one of the three major electrode
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positions and minor variances. The major and minor positions are further defined in
Section 4.2.1.
Test Each iteration of the recruitment curve protocol carried out within a session was referred
to as a test.
The rest of this section individually discusses the main four parts of the study, namely, the
different electrode positions investigated, the recruitment curve protocol, muscle fatigue tests
that were carried out and the overall procedure followed during each session. The sessions in
which each of the subjects participated is also summarised.
4.2.1 Electrode positions
The stimulating electrodes were placed in such a way as to try and selectively stimulate cer-
tain muscles. To this end, three major electrode positions were defined. Figure 4.1 shows the
placement of the electrodes on the thigh with respect to anatomical landmarks: the ASIS, the
medial and lateral KJC1, the patella and the GT. A protocol was also devised for each of the
major positions, as described below. The origin of this protocol is discussed in Section F.1 of
the Appendix.
Standard Typical electrode position used in previous electrical stimulation studies [Perkins
et al., 2001; Szecsi et al., 2007], wherein both Rectus femoris and the Vastii are stimulated
simultaneously.
Placement of electrodes: Proximal electrode (proximal-medial corner) 30% along the
line between ASIS and medial KJC; Distal electrode (mid-point) 80% on the line between
ASIS and medial KJC.
Rectus Electrodes are positioned with the intention that only Rectus femoris is stimulated.
Placement of electrodes: Proximal electrode (proximal edge) 25% on the line between
ASIS and the proximal border of the patella; Distal electrode (distal edge) 75% on the
line between ASIS and the proximal border of the patella.
Vastii Vastus lateralis and Vastus medialis only.
Placement of electrodes: Medialis - Distal electrode (mid-point) 80% along the line be-
tween ASIS and medial KJC; Proximal electrode above distal electrode (mid-point) by
23% of the line between ASIS and medial KJC. Lateralis - Distal electrode 66% along
the line between GT and lateral KJC, mid-point of electrode positioned, 9% of leg cir-
cumference, medial to this line; Proximal electrode 17% along the line between GT and
lateral KJC, centre of electrode positioned, 9% of leg circumference, medial of this line.
1The knee joint space between the femur and tibia on the medial and lateral side of the leg, that can be located
through palpation.
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Figure 4.1: The three major electrode positions, reproduced from Duffell and Newham [2008],
with permission.
In figure 4.1 the default major electrode positions are shown in grey. A number of dashed
lines can be seen around these positions. These represent a movement of 1cm in the electrode
position, called the minor positions.
Most SCI cyclists do not follow a precise protocol for placing the electrodes, as presented
here. Instead the electrodes are randomly placed on the leg, to realise the Standard position.
Consequently there will be small variations in the electrode positions. The minor positions,
with an arbitrarily chosen movement of 1cm, were used to investigate the influence of these
small changes.
The stimulating electrodes used in the study were the same as those previously used in
FES cycling studies [Duffell, 2007; Perkins et al., 2001], namely commercially available PALS
Platinum Neurostimulation Electrodes:
• Model 896350, with multistick gel, 3′′ × 5′′ (7.5cm × 13cm), oval.
• Model 879200, Part no. 0477, 50mm, round.
4.2.2 Recruitment curve protocol
Stimulation intensity is determined by the frequency, pulse width and current amplitude of the
stimulation pulses. The stimulation settings that were used, for each of these parameters are
shown in table 4.1, which realised the stimulation protocol shown in figure 4.2.
The protocol consisted of nine stimulation bursts sequentially increasing in intensity,
which was achieved by varying the pulse width, from 80µs (20% of the maximum intensity)
up till 400µs (100%), in 40µs (10%) increments. Throughout all nine bursts, the frequency and
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Table 4.1: Stimulation parameters for the recruitment curve protocol, reproduced from [Duffell
and Newham, 2008], with permission.
Parameter Setting
Frequency 33 Hz
Pulse width 80µs up to 400µs, in steps of 40µs
Current amplitude Highest that is tolerable by the subject at a pulse width of 400µs
OR where the force attains a plateau, whichever occurs first.
For Vastii, different currents can be used medially and laterally.
Figure 4.2: Recruitment curve stimulation protocol, after Duffell and Newham [2008], with
permission.
current were held constant. The stimulation frequency was set to 33 Hz, so that a tetanic con-
traction was achieved. The current amplitude was adjusted for each subject, to the maximum
tolerable current at the maximum pulse width of 400µs. Each burst was also set to ramp on for
1s, hold for 3s and ramp off for 1s, with a 10s rest interval between.
The reason for using a series of stimulation bursts can be explained if we consider the rela-
tionship between the knee moment and the hip moment, as shown in figure 4.3. As the stimula-
tion intensity increases, the number of recruited motor units increases, which in turn increases
the magnitude of the contraction force and the resultant joint moments. Consequently, tracing
a path along the moment curves is equivalent to traversing the recruitment curve. We know that
a maximum stimulation intensity level exists, whereafter, any further increase in stimulation
intensity produces no corresponding increase in the contraction force, as all of the available
motor units have been recruited [Jones et al., 2004]. Bearing this in mind, it is expected that
at this unknown maximum level of stimulation intensity, the three moment curves will tend to
converge, as shown in the figure. As the stimulation intensity level at which this happens was
Figure 4.3: Moment curves depicting the recruitment of the muscles for the three major elec-
trode positions.
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unknown and would vary from subject to subject, it would not be possible to have confidence
in any conclusions drawn from a comparison of the measurements taken for the major elec-
trode positions, if only a single burst of stimulation was used. However, by using a series of
stimulation bursts, the entire recruitment curve was effectively measured, which prevented the
aforementioned uncertainty from being introduced.
Figure 4.3 also shows the results that were expected, before the study was carried out. The
Rectus electrode position was expected to produce the most hip flexion per unit knee exten-
sion, while Vastii was expected to produce the least hip flexion per unit knee extension. These
expectations were due to the fact that Rectus femoris is a bi-articular muscle, responsible for
hip flexion and knee extension, while Vastas lateralis and Vastas medialis are mono-articular
muscles, responsible for knee extension only [Cash, 2000] (refer to Section 1.1).
4.2.3 Fatigue tests
On the physiological level fatigue can be complicated to understand as there is a chain of events
that cause a muscle contraction [Vøllestad, 1997]. The literature discusses various ways of
measuring fatigue, each method testing a different segment of the activation chain, where the
mechanisms for fatigue are located. In our study it was necessary to monitor the amount of
fatigue the subjects would experience during a session, thereby indicating whether or not the
joint moments measured at the beginning of a session could be compared with those measured
at the end.
Vøllestad [1997] provides a definition for fatigue as “any exercise-induced reduction in
the maximal capacity to generate force or power output” and says that the force or power out-
put measured during a maximal voluntary contraction (MVC) can be used to identify whether
fatigue occurs or not. A MVC, carried out at the beginning and end of each session, served as
one of the ways to monitor the fatigue experienced by the subject.
However, during the tests, the joint moments were being measured in response to an elec-
trically stimulated contraction as opposed to a voluntary contraction. This meant, that although
the MVC did give an indication of overall fatigue, the electrically induced fatigue could be
better monitored by making use of the force-frequency (FF) ratio [Binder-Macleod and McDer-
mond, 1992].
The FF ratio describes the relationship between the contraction force and stimulation fre-
quency, while keeping the stimulation pulse width and current amplitude constant [Jones et al.,
2004]. As the frequency increases the contraction changes from a twitch to a tetanic contraction,
normally between 15Hz and 20Hz, although the exact frequency depends on muscle fibre prop-
erties [Kralj and Bajd, 1989]. Initially, an increase in frequency corresponds with an increase
in the generated force, but eventually the force reaches a plateau. This is due to an inherent
property of the muscle and due to the time available for calcium re-uptake between stimuli. In
the case of electrically stimulated contractions, muscle fatigue will result in a decrease in the
maximum contraction force, as well as a shift in the FF response [Jones et al., 2004], as shown
in figure 4.4.
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Figure 4.4: Force-frequency relationship, after Jones et al. [2004], with permission from Else-
vier.
Common practice is to calculate the 20Hz:50Hz ratio in non-fatigued muscle and com-
pare that to the ratio measured with fatigued muscle [Binder-Macleod and McDermond, 1992].
Force measurements were taken using a single burst of stimulation at frequencies of 20Hz and
50Hz, at the beginning and end of each session, from which the ratio could be calculated. The
stimulation parameter settings, used for the FF stimulation bursts are given in table 4.2.
Table 4.2: Stimulation parameters for the FF ratio, reproduced from [Duffell and Newham,
2008], with permission.
Parameter Setting
Frequency 20 Hz & 50 Hz
Pulse width 400µs
Current amplitude 20mA less than the current setting used for the recruitment
curve stimulation protocol.
4.2.4 Protocol followed during each session
Initial setup phase
At the start of each session, the current amplitude to be used in the recruitment curve protocol
was found. This was done by using a constant 33Hz, 400µs, and incrementally increasing the
current amplitude till the subject stated that they had reached the limit they were able to tolerate.
The final current was used subsequently during the recruitment curve protocol (PW ≤ 400µs).
After this initial setup phase, the remainder of the session was used to capture the joint moments
in response to a number of tests of the recruitment curve protocol. Depending on the procedure
followed, the session was classified as one of two types, either a minor session or a default
session.
Minor session
Each minor session was performed as follows [Duffell and Newham, 2008]:
1. One session was carried out for each major electrode position.
2. At the beginning and end of each session, MVC and FF tests were performed.
3. Within each session, 11 tests of the recruitment curve stimulation protocol were com-
pleted.
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• For the first (default) major position, two stimulation tests were initially carried out.
• For the Standard and Rectus positions, the proximal electrode were moved to the
four minor positions; one stimulation test was carried out in each new position.
Once completed, the proximal electrode was returned to its default position and the
distal electrode was moved to the four minor positions, with one stimulation test
carried out in each position.
• For the Vastii position, the two proximal electrodes were moved simultaneously to
each of the minor positions, before being returned to the default positions. The two
distal electrodes were then moved simultaneously to each minor position.
• After performing tests for each of the minor positions a final stimulation test was
carried out with the electrodes once again in the default positions.
4. The subject was allowed a 5 minute rest between tests.
5. The order in which the major position sessions were carried out, the choice of proximal or
distal electrode to be placed in the minor positions first, and the order of minor positions,
were all randomly selected.
In point 3 we see that a total of three tests were carried out with the electrodes in the default
major position, namely, the first, second and last tests of each session. These tests were helped
to monitor the fatigue experienced by the subject during the session, and are further discussed
in Section 4.3.1.
Default session
The default session was identical to the minor session, except that the movement of the elec-
trodes to the minor positions was omitted. Instead, the electrodes were placed in the default
position, where they remained during all 11 tests. The results from the default sessions were
used to help determine the influence of the minor electrode movements.
Only one session was carried out on a day. Subjects were required to return on as many
days as sessions in which they took part. The same current amplitude was used during both
minor and default sessions, for a particular major position.
In Section 3.5.2 (Discussion), it was concluded that all tests with the Bi-moment chair
should be carried out in a single session. However, due to the number of tests required for the
minor positions it was impractical to investigate all three major positions in one session, as the
fatigue experienced by the subjects would be to great.
4.2.5 Subject participation
Three subjects took part in the initial study. The profiles of each subject as well as the sessions
in which they participated are listed in table 4.3. Eleven tests were carried out in each session.
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Table 4.3: Subject participation in the study.
Subject
Profile Session participation Total
Gender Age Height Weight Minor Default no.(years) (m) (kg) S R V S R V sessions
A M 56 1.79 79 X X X - - - 3
C F 27 1.75 74 X X X X X X 6
D F 21 1.70 53 X X X X X X 6
M - Male, F - Female.
S - Standard position, R - Rectus position, V - Vastii position.
4.3 Study outcome
4.3.1 Muscle fatigue
Results: MVC and FF tests
As previously mentioned, the muscle fatigue experienced during a session was investigated by
means of maximum voluntary contraction (MVC) and force-frequency (FF) tests performed at
the beginning and end of each session. Table 4.4 shows the results of these tests for each of
the sessions that the 3 subjects took part in. The shank force, Fs, was used to calculate the
percentage values shown in the table. The force measured before the session was taken to be
100%. For the FF tests, the 20Hz to 50Hz ratio was calculated before and after each session.
Table 4.4: Results for the MVC and FF ratio tests.
Subject Session
Major
MVC %
FF ratio
position before after
A Minor
Standard 81.0 0.71 0.34
Rectus 102.8 0.67 0.50
Vastii 102.6 0.60 0.55
C
Minor
Standard 96.1 0.67 0.11
Rectus 82.8 0.66 0.53
Vastii 101.0 0.80 - a
Default
Standard 92.5 0.74 0.62
Rectus 99.9 0.76 0.56
Vastii 101.0 0.61 0.17
D
Minor
Standard 91.9 0.77 0.71
Rectus 86.0 0.80 0.69
Vastii 94.1 0.73 0.56
Default
Standard 98.4 0.75 0.69
Rectus 90.9 0.77 0.67
Vastii 87.0 0.75 0.53
a An error occurred while recording the FF measurements.
4.3. Study outcome 77
Discussion: MVC and FF tests
Generally a drop was seen in the MVC measured after the sessions. The size of the MVC
decrease varied from subject to subject and session to session. In some cases the percentage
drop was negligible (less than 5%), while in other cases a drop of almost 20% was seen, which
is indicative of fatigue.
Similar observations were made with the FF ratios, in which the change in ratio value
before and after the sessions varied from subject to subject and session to session. Once again
the magnitude of the change in before and after ratios also varied. In Binder-Macleod and
McDermond [1992] a decrease of about 0.2 in the ratio values was indicative of electrically
induced fatigue.
For some subjects the two tests showed contradictory results, for instance subject C, minor
session, Standard position, where a negligible drop was seen in the MVC measurements, while
a large drop was measured in the FF ratio. The MVC and FF ratio, test different fatigue mecha-
nisms. The former test includes the voluntary drive to the muscle, as well as the activation of the
muscle from the nerve, which is the only part tested with the latter. Consequently, contradictory
results like those seen for subject C, indicate that the subject did not provide a true MVC at the
start of the session.
The main observation made from these results was that it is necessary to evaluate muscle
fatigue for each session individually.
Results: Comparison of force measurements
A third approach was also used to evaluate fatigue. This involved comparing the Fs measure-
ments recorded during each session. Figure 4.5 shows a typical set of force measurements,
captured with subject C during the minor session, Vastii position. The first, second and last
tests have been highlighted, as these were the three tests in which the electrodes were placed in
the default major positions. Inspection of the figure shows that the first test tended to produce
the largest force measurements, while the forces measured during the remaining 10 tests were
generally grouped together.
Table 4.5 shows the percentage difference in Fs magnitude, for the ninth stimulation burst,
as measured for all of the sessions. Differences in Fs magnitude measured during the first and
second tests, which exceeds twice the mean difference between consecutive tests, have been
highlighted. These highlighted values correspond with large differences in the force measure-
ments between the first and second tests, similar to that seen in figure 4.5.
Discussion: Comparison of force measurements
When we consider the difference between the second and last tests (last column of table 4.5),
we see that for all of the sessions, it is comparable to the expected drop as determined using the
mean difference (i.e. for subject A, minor session, Standard position−0.38×9 = −3.42). This
large drop between the first two tests and a more gradual, consistent drop in force magnitude
between the remaining 10 tests indicates that the subjects experienced a significant amount of
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Figure 4.5: Force measurements, Fs, captured during a session for all 11 tests. Measurements
captured during the first, second and last tests, default electrode positions, have been high-
lighted.
Table 4.5: Percentage difference in Fs measurements during the 9th stimulation burst.
Su
bj
ec
t
Session
Mean difference
Major Difference between Difference
position between tests consecutive tests between 2nd
1 and 2 (%) from test 2 and last tests
onwards (%) (%)
A Minor
Standard -0.03 -0.38 -3.42
Rectus -9.01 -1.48 -13.36
Vastii -12.10 -1.85 -16.65
C
Minor
Standard -1.99 -0.74 -6.64
Rectus 1.41 -1.72 -15.49
Vastii -13.91 0.88 7.95
Default
Standard 16.75 -2.96 -26.67
Rectus 8.75 -1.45 -13.06
Vastii -12.87 -2.22 -19.97
D
Minor
Standard a 2.14 -0.41 -3.25
Rectus -1.43 -0.93 -8.39
Vastii -1.47 -1.31 -11.83
Default
Standard 1.59 -0.88 -7.91
Rectus - - -
Vastii -4.29 -1.53 -13.74
Negative percentages indicate a drop and positive percentages indicate an increase in force magnitude.
a Only 10 tests performed in the session.
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fatigue during the first few minutes of the session. This agrees with the results of Duffell et al.
[2008] in which AB subjects subjected to intermittent stimulation show a large drop in torque
measurements during the first three minutes of stimulation, after which any decrease in torque
occurs much more gradually.
From the various methods used to measure fatigue, it was concluded, that although some
fatigue seems to be present during the sessions, the extent of the fatigue is not great, and did
not seem to adversely affect the results (as shown by the close grouping of tests 2 through 11 in
figure 4.5). Consequently, the only adjustment made to the results to account for fatigue, was to
omit test 1 from further analysis, for all of the sessions.
4.3.2 Moment curves
The joint moments measured by the Bi-moment chair were used to produce a moment curve,
in which the hip joint moment was plotted against the knee joint moment. Figure 4.6 shows the
moment curves captured for both the minor and default sessions, for all three subjects. Each
session consisted of 11 tests, each test corresponding with a single trace on the moment curve.
In the figures, each session is represented by 10 like-coloured traces, as the first test was always
omitted, as discussed earlier.
Note, in figure 4.6(c) the results for the default session, Rectus position have been omitted,
due to a recording error that occurred during the session which yielded the results unusable.
Results: Minor electrode positions
For subjects C and D, the results for both the minor and default sessions were plotted on the
same axes (refer to figures 4.6(b) and 4.6(c)). By inspection of the figures, a few observations
can be made:
1. The individual test traces for any single session are grouped together (e.g. green dashed
lines are grouped together).
2. The results from the minor and default sessions for a particular major electrode position
tend to overlap (e.g. green dashed lines tend to overlap green solid lines).
3. Even when the traces from different sessions do not overlap, trends are still evident. For
example, the minor session, Standard position traces do not overlap the default session,
Standard position traces in figure 4.6(c). Nonetheless the Standard results are still below
the Vastii and Rectus results for all sessions.
Discussion: Minor electrode positions
From points 1 and 2, it seemed that the minor movements did not play a significant role in the
moment curves. This was further investigated through a statistical analysis. Typically a T-test,
perhaps in combination with an F-test, would be used. However, in this case, the T-test was not
considered to be a useful way of analysing the data.
In point 3, it was mentioned that the Standard moment curves, captured with subject D,
did not overlap exactly. Such a result could have been obtained if there was a rotational error
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Figure 4.6: Moment curves measured during all sessions.
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present in the moment curves, similar to that discussed in Section 3.5.2. The possibility of such
a rotational error being present made it impractical to compare the means between the sessions
(for a particular major position), as is done during a T-test.
Further motivation for not using the T-test was found upon inspection of figure 4.6(b). In
the figure we saw that although the minor and default traces for the Rectus sessions did overlap,
the magnitude of the moments measured in the minor session were less than those seen in the
default session, even though the stimulation intensity settings were identical in both sessions.
The reason for the difference could have been due to different fatigue experienced by subject
C during the two sessions. In a T-test these results would show a large difference between the
mean moments at individual stimulation bursts, even though the trend seen in the figure by the
overlapping traces was the same.
It was therefore decided to compare the standard deviation, of the minor and default ses-
sion results, to determine the influence of the minor movements on the moment curves. To this
end the standard deviations seen in the moments measured during the minor and default ses-
sions (σmin and σdef respectively), were calculated for subjects C and D, as shown in table 4.6.
The standard deviations were calculated from the 10 test traces shown in figure 4.6, at each
burst of stimulation, for Mk and Mh separately. This resulted in the table of standard deviations
shown. Nine standard deviation values for each major position for both the minor and default
sessions.
An F-test was used to determine if the difference between σmin and σdef was significant
or not. P-values of 0.05 or less indicated that the difference was indeed significant, and have
been highlighted in the table. Most of the p-values in the table are not highlighted, which
implies that the standard deviations are generally not significantly different. Of the p-values in
the table, 63 of 90 p-values are not highlighted. This means that 70% of the measured values
show that there is no statistical difference between the minor and default session results. It was
therefore concluded that the minor positions have little effect on the results obtained from the
major positions.
Results: Major electrode positions
The mean moments, shown in figure 4.7, were found for each of the three subjects (A, C, D) by
calculating the mean of the 10 traces captured in each session.
In Chapter 3 moment curves were presented that were captured with subjects A and B
(refer to figure 3.13). Each subject participated in a single session in which all three major
positions were tested using the default electrode positions. The results from these sessions
were included in the current analysis of the major positions, so that all of the results captured
to date could be considered. Table 4.7 shows the number of tests performed for each major
position; the first test was discarded, the mean moments calculated, and the resultant mean
moment curves included in figure 4.7.
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Table 4.6: F-test results for standard deviation of default and minor sessions, for subject C and
D. Standard deviations, σmin and σdef , calculated from 10 tests, for each stimulation burst.
Highlighted p-values indicate a significant difference.
Stimulation burst 1 2 3 4 5 6 7 8 9
Subject C - Mk
Standard
σmin 1.12 0.74 0.73 0.75 0.84 0.96 1.36 1.30 1.05
σdef 0.46 0.41 0.55 0.53 0.36 0.64 0.77 1.26 1.65
p-value 0.01 0.09 0.40 0.32 0.02 0.24 0.11 0.91 0.19
Rectus
σmin 0.47 0.92 0.55 0.89 0.87 1.52 1.83 2.22 1.94
σdef 0.34 0.68 0.80 1.37 2.05 1.73 1.17 0.82 1.00
p-value 0.37 0.38 0.28 0.22 0.02 0.70 0.20 0.01 0.06
Vastii
σmin 0.09 0.73 0.93 0.67 1.28 1.50 0.82 0.74 1.28
σdef 0.17 0.61 0.95 1.12 1.56 1.62 2.18 2.34 2.29
p-value 0.06 0.59 0.95 0.14 0.56 0.82 0.01 <0.01 0.10
Subject C - Mh
Standard
σmin 1.11 0.55 0.75 0.82 0.76 0.71 1.21 1.22 1.05
σdef 0.22 0.25 0.21 0.52 0.54 0.56 0.62 0.66 1.30
p-value <0.01 0.03 <0.01 0.19 0.32 0.49 0.06 0.08 0.55
Rectus
σmin 0.98 0.84 0.67 1.14 0.83 0.80 0.70 1.76 0.92
σdef 0.51 1.32 1.33 1.18 1.10 1.32 0.91 0.77 0.72
p-value 0.07 0.19 0.05 0.92 0.41 0.16 0.44 0.02 0.48
Vastii
σmin 0.30 0.69 1.20 1.74 1.49 1.78 2.69 2.78 3.88
σdef 0.13 0.80 0.72 0.75 0.72 0.85 1.91 2.13 2.72
p-value 0.02 0.64 0.14 0.02 0.04 0.04 0.32 0.44 0.31
Subject D - Mk
Standard
σmin 0.83 1.00 2.35 2.76 2.70 2.09 2.12 4.03 3.76
σdef 0.87 1.00 2.83 1.59 1.64 2.13 2.66 1.69 1.55
p-value 0.88 1.00 0.59 0.11 0.15 0.95 0.51 0.02 0.01
Rectus σmin 0.73 1.38 2.20 1.35 1.05 1.17 2.33 2.67 2.77
Vastii
σmin 0.16 0.30 0.38 0.49 1.05 0.94 0.99 0.98 1.42
σdef 0.10 0.21 0.17 0.51 0.42 0.55 0.40 0.96 0.92
p-value 0.15 0.30 0.02 0.92 0.01 0.13 0.01 0.95 0.21
Subject D - Mh
Standard
σmin 0.68 1.03 0.91 1.46 2.45 2.35 2.39 3.55 5.67
σdef 0.31 0.91 1.67 2.08 1.22 2.05 2.09 1.40 1.55
p-value 0.03 0.72 0.08 0.31 0.05 0.69 0.69 0.01 <0.01
Rectus σmin 0.85 0.97 0.66 0.68 1.99 1.32 1.61 1.73 2.64
Vastii
σmin 0.66 0.57 1.03 1.47 1.87 2.25 2.38 2.91 3.28
σdef 1.11 0.84 1.60 1.09 0.76 1.07 1.05 2.39 1.33
p-value 0.14 0.27 0.20 0.39 0.01 0.04 0.02 0.57 0.01
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Figure 4.7: Mean moment curves for subjects A, B, C and D, for all three major electrode
positions (blue - Standard, red - Rectus, green - Vastii), default positions only (solid lines) and
with minor movements (dashed lines).
Table 4.7: Number of tests carried out with subjects A and B during default sessions.
Subject default sessionStandard Rectus Vastii
A 4 4 6
Ba 4 4 5
a Profile: female, 27 years (age), 1.76m (height), 62kg (weight).
Discussion: Major electrode positions
All four subjects show the same trend in that the moment curve for the Rectus electrode position
normally lies above that of both the Standard and Vastii electrode positions. This agrees with
the expected results shown in figure 4.3. However, contrary to expectations, the Vastii moment
curve is seen to either overlap the Standard (subjects A and C), or lie above it (subjects B and
D), instead of beneath it.
An exception shown to these trends was in the minor electrode position sessions of sub-
ject A, where the results for all three major positions were seen to overlap (dashed lines in
figure 4.7). This is possibly due to current spread, as subject A used a stimulation current of
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70mA for these sessions, as opposed to 50mA used for the default session (solid lines), where
once again the Rectus curve lay above the overlapping Standard and Vastii curves.
A T-test was performed on the results from each of the four subjects. The null hypothesis
was such that the mean moments measured in the Rectus and Vastii sessions were the same
as those measured in the Standard session. The calculated p-values are shown in table 4.8,
where p-values less than 0.05 (i.e. where the measured moments are significantly different)
have been highlighted. The percentage of significant differences found is shown in table 4.9,
where the results for the minor and default sessions were grouped together. In general the
differences between the mean moments were significantly different, although the significant
difference between the Standard and Rectus moments occurred with a higher percentage than
between the Standard and Vastii moments. This agrees with the fact that the Standard and Vastii
moments did tend to overlap at times.
The Rectus major position was merely used as a control, to show that stimulating Rectus
femoris did indeed, generate larger hip flexion moments. However, the hoped for result, in
which the Vastii major position produced knee extension moments with less hip flexion than
the Standard major position, was not seen.
One possible explanation for these results was the fact that measurement error inherent in
the Bi-moment chair could cause a rotation in the moment curves (Section 3.5.2), which would
influence the conclusions drawn by comparing measurements taken during different sessions.
By being able to measure all three major positions in a single session, this problem would be
avoided. However, with the minor positions as part of the study, it was not possible to to do
this, as the fatigue experienced by the subjects would be too great.
The analysis of the minor position results, discussed earlier, showed that they had little
influence on the moment curves. This meant that the minor curves could be eliminated from
subsequent measurements, thereby making it possible to test all three major positions in a single
session, without excessive fatigue, as the total number of tests would be reduced. This was the
approach used during the study discussed in Chapter 8.
Even though the possible presence of this measurement error cast doubt on the conclusion
that could be drawn from the results, it was not likely that the error was always present during
all of the sessions in which the subjects took part. The fact that similar trends for the three
major positions were seen in the results for all four subjects, especially the default sessions of
subjects A and B where all three major positions were tested in a single session, implied that
even if the error did influence the measurement of the absolute magnitudes of the moments,
there was most likely another reason for the negative results.
A possible explanation involved the anatomy of the leg, namely the positions of the motor
axons in the thigh, and the placement of the stimulating electrodes. Were the superficial muscles
of the Quadriceps group being selectively stimulated as we intended them to be? To answer this
question it was necessary to measure the EMG response of the three superficial muscles during
stimulation.
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Table 4.8: T-test results investigating the difference between mean moments measured with
the major positions for all four subjects. P-values were calculated for each stimulation burst.
Highlighted p-values indicate a significant difference.
Stimulation burst 1 2 3 4 5 6 7 8 9
minor session
Mk
St
an
da
rd
-R
ec
tu
s Subject A 0.96 0.03 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Subject B - - - - - - - - -
Subject C <0.01 <0.01 0.02 0.58 0.10 0.31 0.01 0.01 <0.01
Subject D <0.01 0.17 0.57 0.02 <0.01 <0.01 <0.01 <0.01 <0.01
St
an
da
rd
-V
as
tii
Subject A <0.01 <0.01 0.89 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Subject B - - - - - - - - -
Subject C <0.01 <0.01 0.99 0.05 <0.01 <0.01 <0.01 <0.01 <0.01
Subject D <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Mh
St
an
da
rd
-R
ec
tu
s Subject A <0.01 0.12 0.44 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Subject B - - - - - - - - -
Subject C <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Subject D 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
St
an
da
rd
-V
as
tii
Subject A <0.01 0.01 0.19 0.37 0.63 0.83 0.75 0.62 0.18
Subject B - - - - - - - - -
Subject C <0.01 0.61 0.02 0.01 <0.01 <0.01 0.01 0.05 0.18
Subject D 0.21 0.02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
default session
Mk
St
an
da
rd
-R
ec
tu
s Subject A 0.34 0.13 0.42 0.39 0.42 0.55 0.01 0.02 <0.01
Subject B 0.04 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
Subject C <0.01 <0.01 <0.01 <0.01 0.01 0.37 0.70 0.02 <0.01
Subject D - - - - - - - - -
St
an
da
rd
-V
as
tii
Subject A 0.41 0.08 0.27 0.41 0.59 0.71 0.10 0.10 <0.01
Subject B 0.08 0.10 0.02 <0.01 0.13 0.02 0.02 0.08 0.19
Subject C <0.01 <0.01 <0.01 <0.01 0.24 0.56 0.43 0.01 <0.01
Subject D 0.26 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Mh
St
an
da
rd
-R
ec
tu
s Subject A 0.92 0.23 0.20 0.03 0.05 0.15 0.08 0.79 0.42
Subject B 0.39 0.81 0.04 0.04 0.02 0.02 0.01 <0.01 <0.01
Subject C <0.01 0.24 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Subject D - - - - - - - - -
St
an
da
rd
-V
as
tii
Subject A 0.52 0.12 0.83 0.18 0.12 0.43 0.35 0.25 0.05
Subject B 0.07 0.40 0.25 0.19 0.54 <0.01 0.01 0.03 <0.01
Subject C <0.01 <0.01 <0.01 0.14 0.01 <0.01 <0.01 <0.01 <0.01
Subject D <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Table 4.9: Percentage of significant differences found.
Standard - Rectus Standard - Vastii
Mk 74.1% (40/54) 69.8% (44/63)
Mh 77.8% (42/54) 60.3% (38/63)
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4.4 The way forward
If the stimulation was truly selective, the EMG response would show the presence of M-waves
only in the targeted muscles. For example, measuring with the Vastii electrode positions, M-
waves would only be recorded in Vastus lateralis and Vastus medialis, with no response seen
in Rectus femoris. However, with surface stimulation, current spread can cause a contraction
in the muscles adjacent to the targeted muscles. By measuring the M-waves it would then be
possible to investigate the extent of current spread for the three major electrode positions, to
see if this was the reason for the negative results.
To this end it would be necessary to place the recording electrodes between the stimulating
electrodes, as shown in figure 4.8. Although in principle the recording of the M-waves appears
to be simple, in practice there are known problems when using the setup shown in the figure.
Figure 4.8: Placement of recording electrodes between stimulating electrodes.
The first problem that arises is that of amplifier saturation. During a stimulation pulse,
current will flow between the stimulating electrodes, through the volume resistance of the tissue
within the body. This volume resistance can be thought of as a potential divider, as shown.
The input to the amplifier corresponds with the potential difference across the resistance below
the recording electrodes. If the amplifier had infinite voltage range and infinite bandwidth,
the output would always look like the input. However, in practice the amplifier only behaves
linearly for a limited range of input and output voltages. The maximum and minimum values
of the output voltage are determined by the supply rails between which the amplifier operates.
If the input voltage is sufficiently large to drive the amplifier output outside of this range, the
amplifier is said to be saturated [Sedra and Smith, 1998]. After removing the input overdrive it
takes a finite amount of time for the output to return from saturation to linear operation.
For biopotential amplifiers, recovery times of around 5 to 10 milliseconds have been ob-
served [McGill et al., 1982; Walker and Kimura, 1978]. This is not a problem if the latency of
the M-wave is long enough so that the start of the M-wave occurs after the amplifier has recov-
ered. However, the latency is dependent on the separation distance between the stimulating and
recording electrodes [Basmajian and De Luca, 1985], the shorter the distance, the shorter the
latency. For the situation shown in figure 4.8, Bruun and Haxthausen [1991] measured an M-
wave with a latency of less than 5ms. In such a case, the M-wave would be distorted or possibly
completely obscured by stimulation artefact due to amplifier saturation [Bruun and Haxthausen,
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1991; Harding, 1991; Reichel et al., 2001; Walker and Kimura, 1978], unless steps are taken to
prevent the amplifier from saturating in the first place.
Various hardware solutions have been proposed in the literature. Babb et al. [1978] and
Thorsen [1999] prevented saturation by using fast-recovery amplifiers. In addition to this Babb
et al. [1978] used a sample and hold circuit at the output to blank any residual stimulus artefact.
Another approach was to use switching to control which signal was seen by the amplifier during
the stimulation pulse. Sennels et al. [1997] included a switching circuit between the preamplifier
and the gain stage of the amplifier. This prevented the gain stage from saturating, but this was
not always the case for the preamplifier. However, Sennels et al. [1997] were only interested
in measuring the volitional EMG occurring after the M-wave. Knaflitz and Merletti [1988]
and Chesler and Durfee [1997] used similar amplifiers, but also included a slew rate limiting
circuit at the input stage to prevent the preamplifier from saturating. Chesler and Durfee [1997]
went one step further and also shorted the stimulating electrodes between stimulation pulses.
A simpler switching scheme was presented by Minzly et al. [1993] in which the switching was
performed at the amplifier input stage. An extension of this was developed by Muraoka [2002]
in which the same pair of electrodes were used both for stimulating and recording. Switches
were used to disconnect the stimulator from the electrodes immediately after a stimulation
pulse. The electrodes were then discharged by shorting them to ground, before connecting the
electrodes to the input of the amplifier. The method used in this thesis was that of Bruun and
Haxthausen [1991], as not only did their method prevent the amplifier from saturating but their
application was precisely the same as the one here, where the intention was to measure M-waves
from recording electrodes placed between the stimulating electrodes.
Bruun and Haxthausen [1991] used a technique in which the amplifier was effectively
shut down during the stimulation pulse, thereby preventing it from being saturated. A current
conveyor configuration was used for the differential input stage which allowed the switching to
occur on a low impedance node, a marked difference from the other switching schemes. This
had the advantage that the low impedance node is significantly less susceptible to switching
transients from the shutdown control. This method is further discussed in Chapter 6.
Solving the issue of amplifier saturation was only half the problem. Consideration also
had to be given to the type of stimulator used, as well as the shape of the stimulation pulse.
There are two main types of stimulators, constant-current and constant-voltage. Constant-
current stimulators are normally used for FES as the muscle activation response tends to be
more repeatable and reliable when using this type of stimulator [Chesler and Durfee, 1997;
Knaflitz and Merletti, 1988]. For this reason only the constant-current stimulator type will be
discussed further.
The Stanmore stimulator, used in the Bi-moment chair study, is a constant-current
monophasic stimulator. Figure 4.9 shows the current waveform for such a stimulator, and the
voltage response of a typical electrode [Webster et al., 2009]. At the onset of the stimulation
pulse, the voltage increases quickly, due to a voltage drop across the resistive components of
4.4. The way forward 88
Figure 4.9: Typical voltage response of an electrode to a monophasic and biphasic current pulse.
(Monophasic pulse reproduced from Webster et al. [2009], with permission.)
the electrode-skin interface (labelled as the ohmic potential). After this initial increase in po-
tential, the voltage continues to increase as long as the current is held constant, (labelled as the
polarisation potential). This is due to polarisation that occurs at the capacitive electrode-skin
interface. At the end of the stimulation pulse, the voltage decreases by an amount equal to the
ohmic potential, after which the voltage can be seen to be non-zero. This non-zero voltage is
attributed to residual charge that still remains on the electrodes due to the polarisation of the
electrode-skin interface.
This voltage will gradually decay towards zero as the interface capacitance discharges. If
the stimulator presents an infinite output impedance between stimulation pulses, the discharge
current would be confined to the electrode-skin interface. However, if the electrical topology
of the stimulator be such that a current path is present around which the discharge current
can flow then a potential difference would occur across the recording electrodes. Although
the potential difference setup by the discharge current is not normally sufficient to saturate the
amplifier, it can result in a stimulation artefact at the amplifier output that may obscure the
M-wave measurement.
Spencer [1981], Nilsson et al. [1988] and Reichel et al. [2001] all discussed the use of a
biphasic stimulation pulse as a means to reduce the residual polarisation charge. Figure 4.9 also
shows the voltage response of an electrode to a biphasic constant-current pulse. The polari-
sation potential present at the end of the stimulation pulse is considerably smaller than in the
monophasic case. The amount of residual charge can be even further reduced by changing the
pulse width of the negative phase [Reichel et al., 2001]. This principle is referred to as pulse
width ratio adjustment, where the pulse width ratio, PWr, describes the ratio between the pulse
width of the positive phase PWp and the pulse width of the negative phase, PWn.
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To be able to measure the M-waves during stimulation in the Bi-moment chair it was
therefore necessary to use a biphasic stimulator with pulse width ratio adjustment capability
in combination with an EMG amplifier that avoids saturation by using a switching scheme at
the input stage. The focus of Chapters 5 and 6 cover the design and construction of such a
stimulator and amplifier.
Chapter 7 investigates how the entire system works as a whole, looking at the various
causes of stimulation artefact and ways to remove it. Finally, Chapter 8 presents a second study,
in which joint moments and EMG measurements were simultaneously recorded.
4.5 Summary
Through careful placement of surface electrodes, it was hoped to selectively stimulate the su-
perficial muscles of the Quadriceps group, so that a knee extension moment could be produced
with as little hip flexion moment as possible. Three different electrode positions were investi-
gated, referred to as the major positions:
1. Standard, previously used in FES cycling to simultaneously stimulate RF, VM and VL.
2. Rectus, intended to selectively stimulate RF.
3. Vastii, intended to selectively stimulate VM and VL.
Three subjects participated in a study in which the Bi-moment chair was used to measure
hip and knee joint moments produced in response to stimulation using the three different major
positions. In addition to this, the influence on the joint moments of minor movements in the
stimulating electrode positions, like those typically seen in practice, were investigated. This
involved introducing small changes in the placement of the electrodes for the major positions
(1cm laterally, medially, proximally or distally). The stimulation protocol consisted of nine
bursts of stimulation, consecutively increasing in intensity.
The various outcomes of the study were as follows:
1. Fatigue experienced by the subjects was assessed using MVC, FF ratio and force com-
parison tests, however no substantial fatigue was seen.
2. An F-test revealed that the minor positions had no significant influence on the joint mo-
ments. Consequently these movements were eliminated from future studies (as in Chapter
8).
3. The joint moments produced by the three major positions, and measured with the Bi-
moment chair, were used to generate moment curves (Mh plotted against Mk). The two
main observations made from the moment curves, were:
(a) The Rectus moment curve lay above those of the Standard and Vastii positions, as
Rectus produced the largest hip flexion moment. This agreed with expectations.
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(b) The Standard and Vastii moment curves overlapped. This meant that the Vastii did
not produce a reduction in hip flexion, as compared against that produced with the
Standard position. This was contrary to expectations.
There was no obvious explanation for the negative results seen with the Standard and
Vastii moment curves. It was hypothesised that the major positions did not selectively stimulate
the superficial Quadriceps muscles, as intended. This hypothesis was to be investigated by
measuring the EMG in these muscles during stimulation. However, such measurements are
difficult to capture due to amplifier saturation and residual charge at the electrode-skin interface
giving rise to stimulation artefact. To help overcome these problems two items of equipment
were required:
1. A biphasic stimulator with pulse width ratio adjustment capability.
2. An EMG amplifier that employs a switching scheme at the input stage.
Part III
Capturing evoked EMG measurements
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Chapter 5
Constant current biphasic stimulator with
pulse width ratio adjustment
5.1 Introduction
As discussed at the end of the previous chapter, the Stanmore stimulator is a constant-current
monophasic stimulator [Phillips et al., 2003]. In order to measure the M-waves of interest, a
constant-current biphasic stimulator, with pulse width ratio adjustment capability, was needed.
Stimulator design and construction is a well known field and a number of topologies exist that
would realise such a stimulator. As the circuit schematics of the Stanmore stimulator were
readily available, it was decided to use this as the starting point for the design of the new
Biphasic stimulator. The two main modification that were made, were:
1. The output stage was modified to produce a biphasic output pulse.
2. The microcontroller based operating system used to control the stimulator was rewritten
to allow for pulse width ratio adjustment.
5.2 Circuit Design
The Stanmore stimulator comprised of two PCB’s, namely the Output board, which consisted
of the electronics to produce the monophasic output pulse, and the Control board, which used a
microcontroller (µC) to generate the signals that were used to drive the output board. Figure 5.1
shows the correlation between the Stanmore stimulator and the Biphasic stimulator.
The Output board of the Biphasic stimulator was realised by modifying that of the Stan-
more stimulator.
The Control board was completely replaced with a new microcontroller based design. For
construction purposes the Control board was broken into four separate boards: the Power Sup-
ply board, the µC Header board, the Interconnect board and the Current Amplitude Display
(CAD) board. The electrical connections between these boards, shown in the figure, are dis-
cussed in greater detail in the following sections. An LCD and push buttons were also incorpo-
rated as part of the user interface.
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Figure 5.1: Correlation between the Stanmore stimulator and the Biphasic stimulator.
The design specifications that the Biphasic stimulator had to meet were as follows:
1. Constant-current stimulator.
2. Battery powered (for electrical safety).
3. Isolation of output signals from mains earth (for electrical safety).
4. Biphasic output pulse.
5. Two output channels (maximum required for the Vastii electrode position).
6. Variable current amplitude (0mA to 120mA), set using potentiometers.
7. Variable stimulation period (20ms to 5s, the slower periods in excess of 1s were used to
investigate M-wave responses to individual stimulation pulses).
8. Variable pulse width (20µs to 400µs, so that constant stimulation tests could be carried
out over a range of pulse widths up to the maximum pulse width of 400µs used in the
recruitment curve stimulation protocol, refer to Section 4.2.2).
9. Adjustable pulse width ratio.
10. Generation of blanking interval trigger (BIT) signals (ensures that the blanking interval
of the Blanking amplifier is timed to the stimulation pulse).
11. Continuous stimulation protocol.
12. Recruitment curve stimulation protocol (refer to Section 4.2.2).
Specifications 1 to 3 were inherent in the electronic design of the Stanmore stimulator and
consequently carried across to the Biphasic stimulator. Points 4 to 6 required modifying the
electronics of the Stanmore stimulator, while points 7 through 12 were realised in the micro-
controller based software.
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5.2.1 Biphasic Output board
Figure 5.2 shows the schematic of the final Biphasic Output board. The schematic of the
Monophasic Output board, upon which it was based, has been included in Appendix C, Sec-
tion C.1, for reference.
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Figure 5.2: Circuit schematic for the Biphasic Output board.
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Supply rails
As in the case of the Stanmore stimulator, the Biphasic stimulator has five different supply
rails, labelled 5VA, 5VB, 5VC, ±12V and 200V. 5VC was taken from the Power Supply board
(discussed later) and used as the input voltage for the DC-DC converters. Two LME0505SC
converters were used to produce 5VA and 5VB, an NMA0512SC converter produced the±12V
rail and two PICO5A200S converters, connected in parallel, were used for the 200V rail.
The three converters were selected due to their DC isolation between the input and output
voltages. This was a necessity as the supply rails had to be connected as depicted in figure 5.3
to facilitate the functioning of the stimulator. The 200V rail served as the high voltage rail of
the output channels. 5VA was used to generate the gate signals for the high-side MOSFETs and
5VB was used to drive the low-side MOSFETs. When no stimulation is present the potential of
5VB is floating relative to the 200V rail, however, during stimulation the potential is determined
according to the amplitude of the stimulation current. The ±12V rail was used to drive the
current regulator. The isolation characteristic of the converters also served as a safety feature,
in which the output of the stimulator (to be connected to a subject), was isolated from mains
earth, the batteries powering the stimulator, and the electronics used to control the stimulator.
Figure 5.3: Interconnection of supply rails.
Table 5.1 lists the characteristics of each of the converters. A disadvantage of using this
stimulator topology was the low efficiency of the converters. The converters also do not have
a regulated output, hence the need for the zener diodes at the output stages as well as ensuring
that the input voltage, 5VC, was regulated.
Table 5.1: DC-DC converter characteristics.
DC-DC converter Supply rail Power rating (W) Efficiency (%) DC isolation (V)
LME0505SC 5VA/B 0.25 70 1000
NMA0512SC ±12V 1 77 1000
PICO5A200S 200V 1.25 75 500
The PICO5A200S converters were expected to deliver the entire stimulation current. The
expected voltage drop, at maximum load (PW = 400µs per phase, Istim = 120mA and T =
20ms), with the 10µF output capacitors (C13 and C14 in the circuit schematic) was calculated
as 9.6V (refer to equation 5.1), which is only a 4.8% drop in the 200V rail.
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∆V =
Istim∆t
C
=
120mA · 2 · 400µs
10µF
= 9.6V (5.1)
The average power consumption for the maximum load was found to be 0.96W, which is
within the power rating of the converter.
Pavg =
2 · PW · Vo · Istim
T
=
2 · 400µs · 200V · 120mA
20ms
= 0.96W (5.2)
However, when both stimulation channels operate together, the average power consump-
tion is doubled. This corresponded with a measured voltage drop to around 160V, in the 200V
rail. To compensate for this, a second 200V converter was introduced into the circuit and con-
nected in parallel.
Stimulator channels
The Stanmore stimulator has 8 output channels. Each channel consists of a half bridge, used
to generate the monophasic pulse, and an active charge balancing circuit. This was changed to
two channels, each consisting of a full bridge, so as to generate a biphasic pulse, with passive
charge balancing.
Figure 5.4 shows the full bridge circuit used for each channel. A timing diagram showing
the gate signals for both the high and the low side switches is also included. By using this
switching scheme, a constant-current biphasic pulse, Istim, is realised which flows from the
“anode-first” electrode (labelled as anode in the figure) to the “cathode-first” electrode (labelled
as cathode) during the positive phase of the pulse. The current direction is reversed between
the two electrodes during the negative phase.
Figure 5.4: Full bridge output stage with gate signals.
The charge balancing is achieved with the blocking capacitor Cb and the discharge resis-
tance, Rd. Cb performs a safety function whereby it prevents large DC currents from flowing if
the stimulator were to fail short circuit. It also prevents DC from normally passing through the
electrodes, which in turn prevents electrolysis occurring at the electrodes, with consequent pH
changes. However, this function may not be of great importance as the electrodes are presum-
ably at the surface of the stainless steel wire in the hydrogel, and not in direct contact with the
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skin. It was necessary to include Rd as a passive discharge path for any residual charge on Cb
after a stimulation pulse.
The blocking capacitor would also help to prevent the stimulation pulse from dropping
below 200V, during stimulation. In the most unbalanced case, the biphasic pulse would appear
as a monophasic pulse, with the maximum pulse width of 400µs and the maximum current
amplitude of 120mA. The capacitance value needed to only allow a 5% drop in the 200V rail
was calculated as:
Cb =
∆t
∆V
Istim =
400µs
0.05 · 200V120mA = 4.8µF (5.3)
It was decided to use ceramic capacitors forCb as relatively small surface mount capacitors
are available that have voltage ratings well above 200V. Other types of capacitors with similar
voltage ratings are generally large and bulky. However, as the surface mount capacitors used
were only 1µF in value, five of these capacitors were stacked in parallel, realising a total Cb
value of 5µF as shown in figure 5.4.
The average resistance between the anode and cathode, Rac, due to the presence of the
stimulating electrodes and biological tissue, was measured by Perkins [2004] as 1.5kΩ for a
surface electrode with a 5cm diameter, similar to those used in this thesis. This would result in
a time constant, during the stimulation pulse, of τon = RacCb = 7.5ms, which is in excess of
ten times greater than the maximum pulse width (400µs per phase). This should prevent any
significant decay in current amplitude during stimulation.
To ensure that most of the stimulation current flows through Rac and not Rd, we require
that Rd  Rac. The value of Rd was chosen to be 33kΩ. This resulted in a time constant
of τoff = RdCb = 165ms between stimulation pulses, which is greater than the stimulation
period (30ms as used in the recruitment curve protocol), and therefore should not affect the
actual stimulation pulse.
By controlling the length of the gate signals for the high and low side switches, the pulse
width ratio adjustment capability of the stimulator was realised. As discussed at the end of
Chapter 4, the pulse width ratio, PWr, of the biphasic pulse is defined as the ratio between the
pulse widths of the positive and negative phases, refer to figure 5.5 and equation 5.4. The pulse
width of the positive phase was always equal to the pulse width setting, PW , defined by the
user, while the pulse width of the negative phase was then calculated using the PWr setting. In
this thesis, whenever referring to a biphasic pulse PW is used interchangeably with PWp.
Figure 5.5: Pulse width ratio adjustment principle.
PWr =
PWn
PWp
(5.4)
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Gate driver circuit
The gate drive signals are generated using the microcontroller. A series of optocouplers,
HCPL2531, are used to transfer the signal from the microcontroller (5VC voltage rail) to both
the high side switches (5VA voltage rail) and the low side switches (5VB voltage rail). As the
high side switches are P-channel FETs, the gate signal is inverted using a quad 2-input NAND
gate, 74HC00N. The low side switches are buffered using a quad 2-input AND gate, 74HC08N,
so as to keep the timing of the switching pairs as identical as possible. For this same reason,
the gate signal for a high and low side switching pair are taken from a single output port of the
microcontroller, as opposed to using two ports to do the required signal inversion.
Current regulator
A single current regulator was used to set the current amplitude during the stimulation pulse for
both output channels even though the respective amplitudes for each channel could be different.
This was achieved by using an analog multiplexer, HEF4053BP, to switch between the ampli-
tude settings of each channel depending on which channel was active. For this purpose another
two control signals, CA CLOCK and PW CLOCK, were generated by the microcontroller and
connected to the output board via an optocoupler. Figure 5.6 shows the timing diagram for the
various signals, compared with the gate drive signals of both channels (S+H/L and S−H/L).
Figure 5.6: Timing diagrams for current regulator, black traces represent digital signals, while
grey traces are analog.
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The current amplitude for each channel, CAch1 and CAch2, is set by means of potentiome-
ters (circuit schematic, figure 5.2, R17 and R19) and op-amp voltage buffers (circuit schematic
IC8). The op-amps are operated between ±12V to ensure an output voltage swing around 0V,
thereby allowing a minimum current setting of 0mA.
The voltage levels defined by the potentiometers are then used as inputs to the multiplexer,
on pins X0 and X1. CA CLOCK, which is high when channel 2 is active and low the rest of the
time, is used as a control signal for the multiplexer (pin A). This produces an analog signal (pin
X) that has two distinct levels determined by the current amplitude settings of each channel.
This signal is fed back into the multiplexer (pin Y1) and along with signal ground input at
pin Y0 and PW CLOCK control signal at pin B, produces the current regulator input voltage,
CR INPUT (pin Y). When comparing CR INPUT with the gate drive signals, we can see that
the MOSFETs of the full bridges are soft switched, i.e. the gates are turned on or off only when
the current flowing through the MOSFETs is 0A. The soft switching delay was 3µs long and
was necessary to help reduce ringing on the output voltage measured across a 1kΩ load resistor
(discussed in Section 5.5.1).
The final constant current, biphasic output pulses, Ich1 and Ich2, have pulse widths, corre-
sponding to the pulse width of the PW CLOCK signal, and amplitudes determined by CAch1
and CAch2.
Decoupling capacitors
Eleven capacitors of varying size and type (namely, polystyrene, ceramic and electrolytic), were
placed across the board to provide damping for ringing over a range of frequencies.
Connections to Interconnect board
The control signals were carried to the Interconnect board by means of an IDC connector. The
supply rail (5VC) was brought across directly from the Power Supply board using cable suitable
to carry the maximum supply current required if all five DC-DC converters (2×LME0505SC,
1×NMA0512SC, 2×PICO5A200S), were operating at full load. The maximum supply current,
Imax, was calculated using the values for power, Prated, and efficiency, η, given in table 5.1 for
an input voltage, Vi, of 5V.
Imax =
∑
DC-DC converter
Prated
ηVi
= 1.1A (5.5)
PCB layout
The PCB, as shown in figure 5.7(a), for the Biphasic Output board was designed using Cadsoft
EAGLE. It was decided to use a four-layer PCB, so that ground planes and power planes could
be used for each of the supply rails. This ensured that the supply rails had low resistance and
could carry the higher currents with a low ripple in the supply voltage. Figure 5.7(b) and 5.7(c)
show the inner two PCB layers, route 2 and route 15, on which the power planes and ground
planes, respectively, were placed. The +12V and 200V supply rails shared a ground plane,
while 200V and 5VA shared a power plane. This corresponds with the way in which the supply
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rails were interconnected, refer to figure 5.3.
Isolation barriers, in the form of 2mm gaps, were placed between the planes on the copper
layers. All the components that served an isolating function (DC-DC converters and optocou-
plers) were positioned across the barrier. All other tracks, other than essential connections
between components connected to different supply rails, were kept away from the barriers.
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Figure 5.7: PCB layout for the Biphasic Output board.
5.2.2 µC Header board
The microcontroller used in the Stanmore stimulator was a Motorola MC68HC11G5FN1. As
this stimulator was originally designed and built during the 90’s the Motorola chip was con-
sidered to be very outdated. Newer microcontrollers currently available are vastly superior.
Consequently a new control circuit based around a different microcontroller was designed from
scratch.
5.2. Circuit Design 101
The specifications used to help select the new microcontroller were as follows:
1. Six digital output pins to produce the digital signals shown in figure 5.6.
2. Two digital output pins for the BIT signals used to trigger the blanking intervals in the
EMG amplifier, one for each channel.
3. Digital output pins needed to control the LCD (12 for the LCD used).
4. Two digital output pins to control a sample and hold circuit.
5. Six digital input pins for the push buttons in the user interface.
6. Three analog input pins to monitor current amplitude settings for both channels, both
during stimulation and when the stimulator is inactive.
7. An onboard analog to digital converter, used to monitor and display the stimulation cur-
rent intensity on the LCD.
Texas Instruments produces the MSP430 range of microcontrollers. It was decided to use
the MSP430F149 microcontroller, as it met all the specifications and has 60KB+256B Flash
Memory, as well as 2KB of RAM, which was found to be adequate memory for the application.
This meant that there was no need for EEPROM devices as used in the Stanmore stimulator. The
MSP430F149 can be bought from OLIMEX Inc, ready mounted on a Header board, the circuit
schematic of which is shown in figure 5.8. Component Q2 in the schematic was replaced with
an 8MHz crystal oscillator, the highest frequency at which the MSP430F149 can operate. This
was necessary to be able to control the pulse width of the stimulation pulses with a resolution
of 1µs.
5.2.3 Power Supply board
The circuit schematic for the Power Supply board can be found in figure 5.8.
Supply rails
The Biphasic stimulator is powered by a battery, to ensure that it is isolated from mains earth. It
was decided to use a Li-ion rechargeable battery pack, (7.5V, 2200mAh) as Li-ion batteries are
readily available, have high open-circuit voltages and little memory effect, as well as excellent
charge density. Large capacitors were connected across the batteries to smooth out voltage
ripple.
Two Low Drop Out (LDO), adjustable output, voltage regulators, TPS7A4501, were used
to produce the regulated 5VC supply rail and a 3.3V supply rail, needed to power the microcon-
troller. An LDO regulator was necessary to ensure that 5V was generated for the entire battery
supply voltage range from fully charged (7.5V) to its cut-off voltage of 6V. The TPS7A4501
has a dropout voltage of 300mV and an output current of 1.5A, which would allow the regu-
lator to operate throughout the battery’s voltage range, as well as meet the maximum current
requirement of 1.1A (as calculated in equation 5.5).
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Figure 5.8: Circuit schematic for the Biphasic stimulator Power Supply and µC Header boards.
(µC Header board schematic after OLIMEX [2002], with permission.)
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Battery level indicator
The battery level indicator is used to monitor the battery output voltage. When this voltage
reaches the cut-off voltage of 6V, a warning LED is turned on. At this point the battery in use
should be exchanged for a fully charged battery.
Power-on delay circuit
Two delays were used in the circuit, at power-on. The first was a 100ms delay, introduced
at the reset input (RST - pin 58) of the microcontroller via a MOSFET with the gate signal
RST SWITCH. This was to ensure that the supply rails had time to rise to their respective
values, before turning on the microcontroller, which was in addition to a 470µs delay already
present in the hardware of the µC Header board. The second delay was to create a 1s interval
between turning the stimulator on and powering up the Biphasic Output board (5VC ENABLE
signal). This ensured that the microcontroller was fully operational before turning on the output
stage, thereby preventing the occurrence of erroneous stimulation pulses. Figure 5.9 shows the
two signals RST SWITCH and 5VC ENABLE relative to 5VC at power-on. Slight differences
in the measured delay times, from those expected are due to mismatches in the resistors and
capacitors used in the delay circuit.
Figure 5.9: Delays introduced into power-on signals.
5.2.4 Current Amplitude Display (CAD) board
Figure 5.10 shows the circuit schematic for the CAD board.
Isolation amplifiers
It was desirable to know what the current amplitudes settings were for each channel. This
was achieved by using the microcontroller’s onboard AD converter. When the stimulator was
turned on, but inactive (i.e. not currently stimulating), the voltage output of the two poten-
tiometers used to set CAch1 and CAch2, of the current regulator circuit, were monitored. During
stimulation, the live current amplitude (CA LIVE), was measured as the voltage across the 10Ω
resistor (R20 in figure 5.2) connected to the source of the MOSFET in the current regulator.
Isolation amplifiers were used to carry these signals from the Biphasic Output board, to the
microcontroller, thereby not compromising the electrical safety of the stimulator. ISO124P pre-
cision isolation amplifiers, with a rated AC isolation voltage of 1.5kV, were used. As the CAD
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board was made using strip board, an isolation barrier was introduced by removing a section of
track, at the back of the board, underneath the isolation amplifiers. The voltages measured at
the output of the amplifiers were calibrated and the current amplitudes displayed on the LCD.
Sample and Hold circuit
The current amplitude measurements, when the stimulator is inactive, are DC signals that can
easily be monitored. However, the live current amplitude can only be measured during a stimu-
lation pulse, the duration of which varies according to the pulse width setting. Furthermore, the
AD conversion process takes a number of clock cycles to execute. Initial measurements showed
that the conversion took longer to complete than the length of the maximum pulse width. This
problem was overcome by introducing a sample and hold circuit. The operation of the circuit
is controlled by the microcontroller, to ensure that the sample function is executed during a
stimulation pulse. The AD conversion is then carried out after the stimulation pulse has come
to an end, before discharging the sample and hold capacitor.
5.2.5 Interconnection board
Due to the large number of input and output signals (32 in total), going to and from the mi-
crocontroller, it was necessary to build an interconnection board, that merely facilitated the
connections between the Power Supply, Header, Isolation and Biphasic Output boards. The
Interconnection board also contained a small amount of circuitry needed to drive the periph-
erals, namely the LCD and the push buttons. Figure 5.11 shows the circuit schematic for the
Interconnection board.
Push button circuit
Six push buttons were used to navigate the stimulator menus displayed on the LCD performing
the functions Up, Down, Left, Right, Go/Select and Stop/Backup. Between each push button
and the microcontroller is an RC debouncing circuit.1 The debouncing of the buttons is further
aided through software delays.
Output board optocoupler driver circuit
As mentioned earlier, the control signals generated by the microcontroller are connected to the
Biphasic Output board through HCPL2531 optocouplers. However, while the output signals
from the microcontroller are voltage signals, the optocouplers are current driven. Consequently
MOSFETs were used to ensure that the current sourcing capabilities of the microcontroller were
not exceeded.
In addition to the control signals taken to the Biphasic Output board, two other control
signals, BITCh1 and BITCh2 can also be seen in figure 5.11. These signals are connected to
the Blanking amplifier via an optocoupler, the driver circuit of which was included on the
Interconnection board. The blanking interval trigger (BIT) signals are 20µs pulses generated
by the microcontroller prior to the gate drive signals for each channel, as shown in figure 5.12.
1Courtesy Pablo Aqueveque
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Figure 5.10: Circuit schematic for the Biphasic stimulator Current Amplitude Display (CAD)
board.
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Figure 5.11: Circuit schematic for the Biphasic stimulator Interconnection board.
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Figure 5.12: Timing diagram for the BIT signal, black traces represent digital signals, while
grey traces are analog.
LCD signals
An alphanumeric, 40×4 LCD, model no. CFAH4004A-TFH-JP, was used. Eight data bits were
used to specify a character, while four control signals determined when and where the character
was to be displayed. All 12 signals were generated with the microcontroller and connected to
the LCD via the Interconnect board.
5.3 Construction and assembly
As discussed earlier, a PCB was designed for the Biphasic Output board, while the µC Header
board was commercially available. The remaining three boards were made using strip board.
Figure 5.13 shows photographs of the boards, with the various sections of each board labelled.
The location of the isolation barrier at the back of the CAD board has been highlighted.
The boards were then placed in a metal case as shown in figure 5.14. The front and back
panels of the stimulator box were custom made using a milling machine.
The front panel made up the user interface, consisting of the push buttons, LCD, current
amplitude potentiometers for channels one and two, and the output leads that were to be con-
nected to the stimulating electrodes.
The power switch for turning the stimulator on and off was found on the back panel, as
well as three different connectors. A battery lead, seen coming out of the back panel, needed to
be connected to the battery connector. Without this connection, the battery would be electrically
isolated from the stimulator’s circuitry. Two battery leads can be seen in figure 5.14(d), one for
each of the two batteries. Having two batteries enabled one battery to be recharged, possibly
while using the second battery, without compromising the electrical isolation of the stimulator
from mains earth. The EMG amplifier connector carried the blanking interval trigger signals
(see figure 6.8), to the Blanking amplifier. The mains earth connector allowed the metal case
to be earthed. This ensured that the potential of the case, relative to mains earth, was always
well defined and not some arbitrary value determined by parasitic capacitive coupling to the
surroundings as well as the internal circuitry. In so doing, the experimental setup was consistent
for all the subjects participating in the final study (discussed in Chapter 8).
Within the box, the boards were placed on nylon spacers, so that there was a spatial isola-
tion barrier between all the boards and the earthed casing.
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(a) Biphasic Output board. (b) Power Supply and µC Header boards.
(c) Current Amplitude Display (CAD) board. (d) Interconnection board.
Figure 5.13: Photographs of the individual boards.
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(a) Lower level placement of Biphasic Output and CAD boards. (b) Upper level placement of Power Supply, Header and Interconnection boards.
(c) Front panel. (d) Back panel.
Figure 5.14: Board assembly in metal case.
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Figure 5.15 shows a wiring diagram of the fully assembled stimulator, relative to mains
earth. The connection of the stimulator to a subject via the stimulating electrodes is also shown.
There exists a direct electrical connection between the subject and the Biphasic output board.
Isolation barriers in the form of optocouplers, isolation amplifiers and physical separation pre-
vent the subject from being exposed to either the batteries or to mains earth.
Figure 5.15: Wiring diagram showing the circuit boards, supply rails and isolation barriers,
relative to earth.
5.4 Programming the microcontroller
The microcontroller was programmed using the C-compiler in the MSP430 IAR Embedded
Workbench®, which is an Integrated Development Environment software package. The micro-
controller performed two main functions:
1. Display of user interface menus on LCD for parameter selection.
2. Generation of various control signals using the parameters specified by the user.
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Figure 5.16 shows the three menu options, namely, the Start menu, the Constant stimu-
lation menu and the Recruitment curve menu. The Start menu is the first menu to appear on
the LCD when the stimulator is turned on. The pointer, seen in the top left hand corner of the
Start menu, can be positioned using the black push buttons (Up, Down, Left, Right) to point at
any features within a menu that the user can select/change using the green, Run/Select, or red,
Stop/Backup, push buttons.
Figure 5.16: Schematic of the LCD showing the various menus.
The Start menu displays the state of the stimulator (stimulation running or stopped) and
the pulse width ratio setting (PWn and PWr), the selected stimulation mode and the current
amplitude setting for each channel.
The Continuous stimulation menu has two parameters that the user can set, namely the
stimulation pulse width and period. Stimulation in this mode has to be stopped by the user.
The Recruitment curve menu has nine parameters, as shown in the figure, that must be
defined for a recruitment curve protocol to be carried out. However, due to the size of the LCD
only three parameters can be displayed at a time. Stimulation in this mode is automatically
stopped after the stimulation protocol has been completed.
The features and parameters for each menu are discussed in more detail in Appendix C,
Section C.2.
The microcontroller program has a Main routine, that runs continuously in a loop. Within
this routine, the appropriate menus and parameter options are displayed on the LCD, and the
push buttons are monitored so as to detect when one of them is pressed. As soon as a press is de-
tected, various flags are set which are then used to update the display and/or to enable or disable
the Interrupt routine. A flow chart depicting the Main routine can be found in figure 5.17.
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Figure 5.17: Flow chart of the Main routine.
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Figure 5.18 shows a flow chart, outlining the Interrupt routine, which is used to generate
the control signals that produce the stimulation pulses. This routine works in such a way that,
once the interrupt is enabled and the interrupt counter has been set, every time the counter
overflows, the Main routine will be stopped so that the interrupt counter can be reset and the
code within the Interrupt routine executed. Once complete, the program returns to the same
position in the Main routine as it was before the interrupt occurred and continues to execute
this code until another interrupt is called. This process continues until the interrupt is disabled.
By placing the code to generate the control signals within the Interrupt routine, it ensures that
Figure 5.18: Flow chart of the Interrupt routine.
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the stimulation period is accurately timed. The stimulation period is varied by using the user
defined value for this parameter to set the interrupt counter, thereby adjusting the time period
between overflow events.
5.5 Stimulator development
In the previous sections the final version of the Biphasic stimulator was presented. However,
during development of the stimulator, a few modifications were made to the original design
in response to problems that arose. The following section discusses these modifications to
highlight some of the challenges encountered in building a working system, and to provide
insight to others who wish to build FES stimulators in the future.
For reasons discussed in Chapter 7, it was necessary to accurately know the pulse width
of the output waveforms compared with the pulse settings defined by the user. To this end the
stimulator was calibrated, the results of which are also presented in this section.
All of the measurements discussed in this section were taken with a 1kΩ resistive load
connected to the stimulator output, serving as a rough estimate of the average resistance, Rac,
seen between the anode and cathode. The voltage across the resistive load was then measured
using an oscilloscope (either a Tektronix TDS2004B or an Agilent 54622D).
5.5.1 Output waveforms
Figure 5.19 shows the voltage measured across the load resistor, with the settings shown in the
table above the figure.
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 50 176 100 178
Figure 5.19: Channel 1 output voltage, showing the oscillation.
The oscillation seen during the positive phase of the pulse, and partly during the negative
phase, was of the order of a few MHz. Although figure 5.19 does not show oscillation at such a
high frequency, when taking the measurements the oscilloscope was used to look at a magnified
view of the oscillations, which showed the MHz response. The oscillations would only occur
at the higher current amplitude settings. The introduction of the polystyrene decoupling capac-
itors (C63, C64, C70, C77, C79 and C92 in figure 5.2), which are radio frequency capacitors
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that operate to the order of hundreds of MHz, helped to reduce the oscillation, but not com-
pletely eliminate it. This measurement was however taken, prior to the introduction of the soft
switching scheme using the PW CLOCK signal. When the signals shown in figure 5.19 were
measured, the current regulator was always on and the output voltage across the 10Ω resistor
(R20 in figure 5.2, CA LIVE), merely adjusted according to which channel was currently ac-
tive. (i.e. CR INPUT was taken from pin X of the multiplexer, refer to figure 5.6.) Switching
the MOSFETs, in the output stage of the stimulator channels while the current was still flow-
ing, caused the op-amp (IC10B in figure 5.2) in the current regulator circuit to oscillate. The
introduction of the soft switching scheme eliminated the oscillations.
Figure 5.20 shows the voltage measured across the load resistor connected to channel 1,
with the stimulator settings as shown.
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 20 400 100 132
Ch2 20 400 100 122
Figure 5.20: Channel 1 output voltage, under full load, prior to adding the second 200V DC-DC
converter.
This measurement was taken before a second 200V DC-DC converter was introduced onto
the Biphasic Output board, while driving the stimulator at maximum load. The drop in voltage
amplitude of the two phases, measured across the resistive load, indicates a similar drop oc-
curred in the output current. The measurement shown here corresponds with the voltage drop
seen in the 200V rail, that was mentioned in Section 5.2.1 (Supply rails). This problem was
solved by including a second DC-DC converter to increase the available output power of the
stimulator.
Figure 5.21 shows the final output waveform measured on channel 1, using the stimulation
settings indicated in the table (channel 1 and channel 2 driven at maximum load). As can be
seen in the figure, the oscillations were successfully eliminated and the amplitudes of both
phases of the biphasic pulse were now constant; the oscillations were still absent. Channel 2 of
the Biphasic stimulator produced a virtually identical output waveform.
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T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 20 400 100.8 116
Ch2 20 400 100.0 116
Figure 5.21: Final output waveform across a 1kΩ resistive load.
5.5.2 Calibrating the stimulator
When the stimulator was used on a subject with the recruitment curve protocol, it was found
that the PWr setting had to be adjusted according to the instantaneous PW value, as discussed
in Section 7.3.5 (Influence of pulse width on the PWr setting required to eliminate stimulation
artefact). Because of this fact, the stimulator had to be calibrated so that the exact positive phase
and negative phase pulse widths (PWp and PWn respectively), for a given PW setting, were
known. To this end the output voltage over the 1kΩ resistive load, was measured for a range of
current amplitudes and PW settings for both channels. The PWr value was held fixed at the
maximum possible setting. Figure 5.22 shows the results measured for a stimulation current of
50mA.
0 50 100 150 200 250 300 350 400
0
50
100
150
200
250
300
350
400
450
Pulse width setting (µs)
M
ea
su
re
d 
pu
ls
e 
w
id
th
 (µ
s)
 
 
Ch1 − PWp
Ch1 − PWn
Ch2 − PWp
Ch2 − PWn
Figure 5.22: Measured values of PWp and PWn versus the stimulation pulse width setting.
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There were small deviations in the actual pulse width values measured, from those ex-
pected. For channel 1 it was found that the positive phase pulse width, PWp was always 1µs
less than the PW setting, while the negative phase pulse width, PWn, was 3µs greater. For
channel 2 both positive and negative phase pulse widths were 1µs greater than the PW setting.
These offset values did change slightly for stimulation currents below 30mA but were consistent
for stimulation currents of 30mA and greater. As it was expected that the subjects would gen-
erally be able to tolerate a current intensity of 30mA or more, therefore the calibration values
presented here were considered to be sufficient.
It should be noted that due to the way in which the high and low side gate signals were
generated with the microcontroller, the stimulator was not able to generate a true monophasic
pulse, even with a PWr setting of 0%. The minimum PWn value for channel 1 was 3µs, while
for channel 2 it was 2µs.
5.6 Stimulator performance
In this section the voltage across the blocking capacitor was investigated to develop a better
understanding of how the stimulator functions. The output impedance of the stimulator was
also measured.
5.6.1 Effect of PWr on Cb voltage
The 1kΩ resistor was connected between the anode and the cathode to represent the average
resistance, Rac. The voltage across the blocking capacitor, VCb, was measured, as shown in
figure 5.23. The measurements were taken using the stimulation settings given in the table
above the figures.
In figure 5.23(a), the complete voltage waveform is shown for a PWr setting of 102%. The
expected biphasic output pulse was added to the figure to clearly indicate when each phase of the
stimulation pulse starts and stops. During the positive phase, charge is placed on the capacitor,
resulting in a linear increase in the voltage across it. During the negative phase the capacitor
is discharged, causing the voltage to linearly decrease. Figure 5.23(b) shows a magnified view
of the baselines (highlighted section of Fig 5.23(a)). In this figure, we can clearly see that the
baselines, before and after the stimulation pulse, are not equal, but instead there is a 43.8mV
difference between the two, which corresponds to approximately 220nC of charge.
Q = CbVCb = 5µF · 43.8mV ≈ 220nC (5.6)
This charge imbalance can be accounted for by the slight difference in the pulse widths of
the positive and negative phases, as found when the stimulator was calibrated. For a PW
setting of 200µs, the stimulator would produce a biphasic pulse with PWp = 199µs and
PWn = 203µs. For the stimulation current of 50mA, a mismatch of 4µs would result in a
charge difference of 200nC.
∆Q = Istim∆t = 50mA · 4µs = 200nC (5.7)
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T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 Varied 50
(a) PWr = 102%, PWp = 199µs, PWn = 203µs.
(b) Magnified baseline: PWr = 102%, PWp = 199µs, PWn = 203µs.
(c) Magnified baseline: PWr = 100%, PWp = 199µs, PWn = 199µs.
Figure 5.23: Voltage across Cb.
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The remaining 20nC is within the measurement error of the various voltage, current and
pulse width values used in the calculations. By adjusting the PWr setting and thereby correct-
ing the charge imbalance, the voltage difference in the baseline can be removed, as shown in
figure 5.23(c).
Figure 5.24(a) shows the magnified baseline measurements over a range of current ampli-
tudes. At each current setting, a PWr of 100% ensured that the difference in the baseline before
and after the stimulation pulse, was minimised. However, each waveform also had a DC offset,
which increased with current intensity (∼0V at 10mA, increasing up to ∼60mV at 120mA).
Figure 5.24(b) shows the baseline images for Istim = 120mA, at three different PWr
settings, over a larger time base, so that the entire stimulation period can be seen. For each trace,
the DC offset is different. Furthermore, the voltage varies with time between the stimulation
pulses, as is clearly evident in the top and bottom traces.
This can be explained by considering the output stage of the stimulator (refer to figure 5.4),
which can be drawn as in figure 5.25(a) with a 1kΩ resistor connected between the stimulating
electrodes. During the stimulation pulse, the stimulation current flows through Cb and Rac. If
the pulse widths of the positive and negative phases are not exactly equal, there will be a residual
charge on Cb after the stimulation pulse. The capacitor will then discharge through Rd between
the stimulation pulses. This will give rise to the voltage waveforms shown in figure 5.25(b).
If the capacitor does not discharge fully before the start of the next stimulation pulse, each
consecutive pulse will add yet more charge to the capacitor, in turn causing an increase in
the voltage across the capacitor, directly after the stimulation pulse (V1P < V2P < V3P ).
After some time VCb will reach an equilibrium position with a non-zero DC offset value. An
expression for this value can be found.
Equation 5.8 gives the residual charge on the capacitor after a stimulation pulse.
Qres = Istim∆t = Istim (PWp − PWn) (5.8)
Which can be used to find the residual voltage.
Vres =
Qres
Cb
=
Istim (PWp − PWn)
Cb
(5.9)
After the first stimulation pulse the voltage across the capacitor is equal to the residual
voltage.
V1P = Vres (5.10)
After T seconds the capacitor has partially discharged so that the voltage can now be
expressed as in equation 5.11. The variable Racd is the series combination of Rac and Rd.
V1T = V1P e
−A = Vrese−A; A =
T − (PWp + PWn)
RacdCb
(5.11)
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Figure 5.25: Average voltage across the blocking capacitor.
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Using the same approach, the voltages after n stimulation pulses and n intervals of T
seconds, can be expressed as in equation 5.12.
VnP = Vres + V(n−1)T ; VnT = VnP e−A (5.12)
Using these expressions we can write out the voltages for a few values of n.
V2P = Vres
(
1 + e−A
)
V2T = Vres
(
e−A + e−2A
)
V3P = Vres
(
1 + e−A + e−2A
)
V3T = Vres
(
e−A + e−2A + e−3A
)
...
...
VNP = Vres
(
1 + e−A + . . .+ e−(N−1)A
)
VNT = Vres
(
e−A + . . .+ e−NA
)
From this we can find a series expression for the voltage across Cb after N intervals of T
seconds.
VNT = Vres
N∑
n=1
e−nA (5.13)
The series is convergent, which means that as N approaches infinity, VNT approaches a
limit, or, in practical terms a constant DC offset voltage can be seen in the baseline of VCb. The
rate of convergence is dependent on the value of A.
The stimulation settings used to capture the measurements shown in figures 5.23 and 5.24,
and the component values of figure 5.25, were used to plot VNT over a range of N values. The
PWn values were adjusted so that the limit approached by VNT was close to the DC offset
values measured in figure 5.24. The results are shown in figure 5.26.
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Figure 5.26: Calculation of VNT over a range of N values.
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The figure shows that the series converged for N > 40 (upper horizontal axis). This
was converted into a value of time (lower horizontal axis) using the stimulation period of 30ms,
which shows that the voltage acrossCb has settled at its average value after∼1.2s of stimulation.
In figure 5.24, for Istim = 120mA and PWr = 100%, A DC offset of ∼60mV was
measured. According to equation 5.13, if the PWr value was truly 100%, the DC offset would
have been zero. Compare this with figure 5.26, where a VNT value of ∼60mV was found for
PWr = 99.7% (equivalent to a difference in PWp and PWn of 0.5µs). A similar observation
can be made for all of the Istim settings of figure 5.24(a), where differences between PWp and
PWn < 1µs were used in figure 5.26.
This indicates a limitation of the microcontroller, in which the negative phase pulse width
can only be varied in steps of 1µs. Consequently, mismatches in PWp and PWn less than 1µs
in length, cannot be adjusted for.
5.6.2 Output impedance
To fully characterise the stimulator, its output impedance was experimentally measured, using
the Norton equivalent circuit [Bobrow, 1996] shown in figure 5.27. The stimulator can be ap-
proximated as an ideal current source, Is, with an inherent shunt output impedance, Zo. The
load impedance, Zl, represents the load connected between the terminals of one of the stimula-
tor’s output channels.
Figure 5.27: Norton equivalent circuit, after Bobrow [1996], with permission.
Assume that the stimulation current is set to some value, Is, and two load impedances of
different magnitude, Zl1 and Zl2, are connected to an output channel, one after the other. The
current flowing through each load impedance, Il1 and Il2 respectively, can be measured. Using
basic circuit analysis an expression for Zo can be found:
Zo =
Zl1Il1 − Zl2Il2
Il2 − Il1 (5.14)
This principle was used to calculate the output impedance of the Biphasic stimulator, for
both channels, the results of which are shown in table 5.2. The maximum Istim setting was used
for each channel, so as to produce the largest possible values for Il1 and Il2. Zl1 and Zl2 were
arbitrarily chosen to have nominal values of 100Ω and 1kΩ. An output impedance was found
both during the positive and negative phase of the biphasic pulse, as each phase involved the
turning on or off of a different set of switches in the full bridge output stage (see figure 5.4).
The output impedances shown in the table are those of the stimulator during a stimulation
pulse, when at least one pair of the switches in the full bridge is turned on. We expect that the
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Table 5.2: Output impedance measurements for both stimulator channels.
Istim Stimulation Zl (Ω)b Vl (V) Il (mA)c Zo (kΩ)(mA)a pulse phase
C
ha
nn
el
1
124
positive
99.1 12.50 126.1
63.7
992 123.4 124.4
negative
99.1 12.66 127.7
33.0
992 123.4 124.4
C
ha
nn
el
2
123
positive
99.1 12.50 126.1
33.6
992 121.9 122.9
negative
99.1 12.50 126.1
33.6
992 121.9 122.9
a Biphasic stimulator current setting. b Nominal load resistances 100Ω and 1kΩ. c Il = VlZl
output impedance would be close to 33kΩ, due to the presence of the discharge resistor, Rd.
This was indeed the case for 3 of the 4 calculated Zo values. The value of 63.7kΩ measured
during the positive phase of channel 1 is most likely due to measurement error when capturing
the Vl magnitudes (for the 99.1Ω load impedance there was only a difference of 0.16V in the Vl
measurements during the positive and negative phases).
Between stimulation pulses, when all of the switches are turned off, the output impedance
of the stimulator would also be predominantly determined by the 33kΩ discharge resistor, Rd.
5.7 Summary
A biphasic constant-current stimulator, with pulse width ratio adjustment capability, as needed
for stimulation artefact elimination during evoked EMG measurements, was designed and con-
structed.
• The Biphasic stimulator was based on the existing Stanmore stimulator, a monophasic
constant-current stimulator. The principle of using floating supply rails, as produced
from DC-DC converters was carried across directly from the Stanmore stimulator. The
output board was modified from a half bridge to a full bridge, so as to generate a biphasic
pulse.
• The various functions of the stimulator were implemented by means of a microcontroller.
This included the incorporation of a user interface into the stimulator design, a marked
improvement over the Stanmore stimulator that requires a computer connection to adjust
the stimulation parameters.
• The layout design, component selection and assembly of the Biphasic stimulator all took
into consideration the need for electrical safety, namely that the stimulator output, which
is connected to a subject, be isolated from earth.
The specifications of the Biphasic stimulator are summarised in table 5.3.
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Table 5.3: Biphasic stimulator specifications.
Pulse Shape Biphasic
Type Constant-current
Period (ms) 20, 30, 40, 50, 100, 500, 1000, 2000, 3000, 4000,
5000
Pulse width (µs) 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 225,
(per phase) 240, 250, 280, 300, 320, 360, 400
Supply Battery Li-ion, 7.5V, 2200mAh, rechargeable, internal
battery pack
Protocols Continuous stimulation
Recruitment curve stimulation
Output Channels: 1 2
Current (mA) 0-125 0-128
Impedance, positive phase (kΩ) ∼ 33a 33.6
Impedance, negative phase (kΩ) 33.0 33.6
Current consumption (full load) 1.1A
Compliance voltageb 200V
Blocking capacitance (Cb) 5µF
Discharge resistance (Rd) 33kΩ
a Measurement error prevented the experimental validation of this value, however it is expected to be
similar in value to the discharge resistor Rd.
b Maximum amount of voltage that a constant current stimulator can provide. Once the compliance
voltage has been reached, further increases in tissue resistance will cause a drop in delivered current.
A couple of design problems that arose during development of the stimulator were addressed:
1. The original current regulator design caused oscillations to occur in the biphasic pulse.
Using a soft-switching scheme in the full bridge output stage eliminated the oscillations.
2. A drop in the 200V rail when stimulating at maximum load was prevented by using two
200V converters for the output stage.
Two limitations of the stimulator were also identified:
1. The stimulator was calibrated for pulse width and current amplitude. The pulse width
calibration was later used to determine PWr settings necessary to remove the stimulation
artefact. The first limitation of the stimulator was shown to be its inability to produce a
true monophasic pulse, even when the PWr setting was reduced to 0%.
2. The presence of a residual voltage across the blocking capacitor resulted in a current
flowing through the discharge resistor, between stimulation pulses. This could be cor-
rected by adjusting the PWr setting. However, the negative phase pulse width can only
be adjusted in 1µs increments, consequently it was not always possible to eliminate the
residual charge entirely.
Chapter 6
Current conveyor based blanking EMG
amplifier
6.1 Introduction
Measuring the EMG response from the stimulated muscle, required that the recording electrodes
be placed between the stimulating electrodes. However, as discussed at the end of Chapter 4,
such an arrangement can easily result in the amplifier becoming saturated. It takes a finite
amount of time for the amplifier to recover from this state. If this time period is longer than the
latency of the M-wave, the amplifier will be unable to measure said M-wave.
Bruun and Haxthausen [1991] overcame this problem by effectively shutting down the am-
plifier during the stimulation pulse, thereby preventing it from being saturated and enabling the
amplifier to record EMG signals directly after the stimulation pulse. This was accomplished by
using two second generation positive current conveyors (CC) at the input stage of the amplifier,
as shown in figure 6.1.
A current conveyor was first introduced by Smith and Sedra [1968] as a circuit building
block in which “current is conveyed between two ports at different impedance levels”. The
terminal voltages and currents of the current conveyor are given in equation 6.1. Of the two
input terminals, terminal y is a high impedance node, while terminal x is a low impedance node.
Figure 6.1: Schematic diagram of the current conveyor at the input stage of the EMG amplifier,
after Bruun and Haxthausen [1991] (©The Institution of Engineering and Technology), with
permission, and Sedra and Smith [1970] (©IEEE), with permission.
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The voltages at the two nodes are held constant, Vx = Vy, while the current in ix is reflected
at the output, iz . In the figure the lower current conveyor is connected as a voltage controlled
voltage source (VCVS) [Sedra and Smith, 1970] that ensures Vy2 = Vx2 while iy2 = 0.
iy
vx
iz
 =

0 0 0
1 0 0
0 1 0


vy
ix
vz
 (6.1)
The amplifier is shutdown by opening the switch between the low impedance nodes. By
switching on a low impedance node as opposed to a high impedance node the switching spikes
are kept small and thus prevented from saturating the amplifier [Bruun and Haxthausen, 1991].
The current, ix, is determined by the voltages Vx1 and Vx2, which is in turn reflected at the
output iz .
The small signal gain of the circuit, when the amplifier is active, is given by equation 6.2.
When the amplifier is shutdown, the gain is effectively changed to zero by switching out the
R1 resistor. The output during this time is effectively blanked, therefore giving rise to the term
Blanking amplifier.
Av =
Vout
Vin
=
R2
R1
(6.2)
The amplifier described in this Chapter is based on the design of Bruun and Haxthausen
[1991].
6.2 Circuit design
Figure 6.2 shows a schematic of the constituent parts of the Blanking amplifier. It was required
of the amplifier to record three EMG signals simultaneously, using a bipolar electrode configu-
ration. The recordings were to be made from each of the three Quadriceps muscles of interest,
namely, Rectus femoris (RF), Vastus lateralis (VL) and Vastus medialis (VM). This corresponds
with the three EMG amplifiers shown in the figure. Each EMG amplifier consisted of a Pream-
plifier board and a Signal Processing board. The Preamplifier board was connected directly to
the recording electrodes and was where the current conveyor circuit was used as the initial input
stage of the amplifier. The Signal Processing board performed a number of functions, namely:
1. Generation of the blanking interval (BI) signal.
2. Providing additional gain stages for the measured EMG signals.
3. Providing an isolation barrier for the EMG measurements.
For electrical safety reasons it was required that the subject be isolated from mains earth
at all times. However, the Blanking amplifier only provided the means to measure an EMG
signal, not to record it. The recording of the signal had to be carried out using separate record-
ing apparatus. In the study discussed in Chapter 8, a Micro1401 data acquisition system, by
Cambridge Electronic Design (CED), was used for recording. As it is common practice for
electronic equipment to be connected to mains earth it was necessary for the EMG amplifiers to
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Figure 6.2: Blanking EMG amplifier board layout and shielded interconnections.
be isolated from the recording apparatus. This meant that the Power Supply board was required
to produce two isolated supply rails, labelled as ±15VD and ±5VE as shown in figure 6.3.
The supply rail, labelled as 5VC in the figure, is the supply rail used for the microcontroller
in the Biphasic stimulator, which generates the blanking interval trigger (BIT) signals. These
signals were used by the Signal Processing board to generate the BI signal. The isolation
barriers shown in the figure were necessary to ensure that the Biphasic stimulator remained
isolated from mains earth and from the Blanking amplifier.
Figure 6.3: Schematic of Blanking amplifier power rails and isolation requirements.
Another consideration of the Blanking amplifier was its required bandwidth. For EMG
signals recorded using surface electrodes, the bandwidth of the EMG signal itself is commonly
accepted to be in the range 20-500Hz [Basmajian and De Luca, 1985; Bilodeau et al., 1993;
Kwatny et al., 1970]. Consequently a cut-off frequency of 1kHz for the amplifier would be
more than adequate.
The circuit design of the three boards, shown in figure 6.2, are further discussed in the
following sections.
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6.2.1 Power Supply board
The circuit schematic for the Power Supply board is shown in figure 6.4.
1.5Blanking amplifier - Power Supply board
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Figure 6.4: Circuit schematic for the Power Supply board.
Supply rails
It was decided to use a ±15V supply for the subject side of the amplifier, and a ±5V supply
for the recording apparatus side of the amplifier, as shown in figure 6.3 (labelled as±15VD and
±5VE in the circuit schematic). The ±15V supply was to maximise the common mode voltage
range of the current conveyors in the Preamplifier board (further discussed in Section 6.4.1). On
the recording apparatus side of the isolation barrier, the supply voltage was determined by the
input range capability of the recording apparatus. For the Micro1401 this was 10V which led
to the choice of a ±5V supply.
The Blanking amplifier was to be battery powered. This had the advantage over using a
mains supply that 50Hz interference would not be introduced into the amplifier supply rails.
This precaution was taken because 50Hz falls within the frequency range of EMG signals, and
any such interference could distort the measurements. The switching DC-DC converters used in
the Biphasic stimulator had switching frequencies in the order of tens of kilo Hertz, well above
the EMG frequency range, which made them ideal candidates for the amplifier’s power supply.
During development of the Blanking amplifier, the Preamplifier and Signal Processing
boards were built first. It was therefore possible to measure the current consumption of each
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EMG amplifier using an ammeter while powering the boards from bench power supplies. This
gave supply current requirements of 60mA (180mA total) for the ±15VD supply and 5mA
(15mA total) for the ±5VE supply.
The NMX0515UC and NMA0505DC isolated DC-DC converters by Murata were selected
to produce the two supply rails. The specifications for both converters are given in table 6.1.
The required battery current rating was calculated, as laid out in the table. The rechargeable Li-
ion batteries and the Low Drop Out (LDO) voltage regulator, used for the Biphasic stimulator,
had current ratings of 2200mAh and 1.5A respectively. As both of these ratings were greater
than the required battery current it was decided to use the same components in the amplifier’s
Power Supply board. Large supply capacitors were connected across the battery terminals to
reduce ripple.
Table 6.1: Power supply design.
Design parameter ±15VD ±5VE
Measured supply current per amplifier, Im 60mA 5mA
Total supply current, Isa 180mA 15mA
DC-DC converter NMXD0515UC NMA0505DC
DC isolation 1kV 1kV
Nominal input voltage, Vi 5V 5V
Nominal output voltage, Vo ±15V ±5V
Maximum output current 333mA 200mA
Rated output power 5W 1W
Efficiency, η 75% 69%
Required output power, Pob 2.7W 75mW
Required input power, Pic 3.6W 109mW
Required input current, Iid 720mA 22mA
Minimum current rating of batterye 742mA
a 3Im
b |Vo|Is c 100Poη d PiVi
e Sum Ii for both supply rails
Battery level indicator
A battery level indicator was used to monitor the battery output voltage. When the battery
voltage dropped to 6V the LED would be turned off, indicating that the battery needed to be
recharged.
6.2.2 Preamplifier board
Figure 6.5 shows the circuit schematic for the Preamplifier board. By building a preamplifier
unit, separate from the rest of the EMG amplifier, the first stage of amplification can be located
physically close to the recording electrodes. This allows the electrode leads to be kept as short
as possible to minimise motion artefact [Basmajian and De Luca, 1985].
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Current conveyor
Blanking amplifier - Preamplifier board
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Figure 6.5: Circuit schematic for the Preamplifier board.
Clamping diodes
On the far left of figure 6.5 can be found the connection for the two recording electrodes (REs)
and the reference electrode, as necessary for a bipolar electrode arrangement. The three leads,
coming from the connector were colour coded:
• Black for the reference electrode, connected to signal ground (0VD) on the Preamplifier
board.
• Red for the recording electrode connected to the top current conveyor.
• Green for the recording electrode connected to the bottom (VCVS) current conveyor
(refer to figure 6.1).
Voltage clamping diodes were placed between each of the recording electrode leads and
the reference electrode. Each voltage clamp consisted of two sets of three 1N4148 signal diodes
in series, connected back to back, thereby allowing a voltage swing of no more than 2.1V either
side of the reference electrode potential. This was necessary to ensure that any common mode
voltage seen at the input of the amplifier did not appear as stimulation artefact at the amplifier
output. In the next chapter, Section 7.4.3, discusses a situation where this happened, until the
clamping diodes were introduced into the circuit.
Input filter
A simple RC high pass filter just after the clamping diodes, with a cutoff frequency of 1.7Hz,
ensured that the EMG signal of interest was centred around signal ground, removing any possi-
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ble DC offset that may be present. The RC values used were the same as those found in Bruun
and Haxthausen [1991].
Current conveyor circuit
Bruun and Haxthausen [1991] used the AD844, a transimpedance amplifier from Analog De-
vices, to realise the current conveyors. The circuit description and schematic of the datasheet
have been included in Section D.1 of the Appendix, for reference.
The gain resistors (R1 and R2 in figure 6.1), can be seen in the circuit schematic (fig-
ure 6.5), as the 1kΩ resistor (R16) and the 50kΩ potentiometer (R CC-GAIN), respectively.
Bruun and Haxthausen [1991] provides a gain calculation taking into account the resistance of
the analog switch (∼75Ω) and the input impedances of the two AD844 ICs (∼50Ω), as shown
in equation 6.3.
Av =
R2
R1 + 75Ω + 50Ω + 50Ω
≈ 43 (6.3)
This gives a gain of at most 32dB, which is variable due to the potentiometer. However,
this is only part of the total gain of the Blanking amplifier, as additional gain stages are included
in the Signal Processing board.
Upon inspection of the VCVS current conveyor in figure 6.5, it can be seen that a poten-
tiometer (R CC-BIAS) is connected to the low impedance node (pin 2 of the AD844), which
was absent in figure 6.1 (terminal x of the bottom, VCVS, current conveyor). The purpose of
the potentiometer was to provide a variable bias current to one of the AD844 low impedance
nodes, thereby ensuring that the same output voltage could be obtained both during and between
blanking intervals, in the absence of an input signal. The two voltages are not inherently the
same, due to the input bias and offset errors of the AD844 producing a nonzero output voltage,
the value of which is different when the amplifier is shut on or off [Bruun and Haxthausen,
1991].
The AD844 datasheet specifies the bandwidth of the AD844 to be around 60MHz for a gain
of 1, and 33MHz for a gain of 10. This indicates that the AD844 generally had a bandwidth on
the order of a few MHz, which far exceeds the bandwidth requirement of the Blanking amplifier.
Shutdown control
The switching on the low impedance node was realised with an AD7510 analog switch, as used
by Bruun and Haxthausen [1991]. The BI signal was used as the control signal for the switch.
The remaining three switches of the AD7510 were controlled by BI and connected to either
one side of the analog switch or to signal ground, via a jumper. This was a feature included
in the circuit of Bruun and Haxthausen [1991], in which switching transients were limited by
introducing switching spikes of opposite polarity by means of a dummy switch. The jumpers
allowed each Preamplifier board to be customised as to how many of the dummy switches were
used. However, the dummy switches did not show significant reduction in the switching spikes.
Instead, two capacitors (C51 and C52) were introduced between the BI signal line and the
low impedance node of the VCVS current conveyor. The capacitors served a similar function as
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the intended purpose of the dummy switches by producing voltage spikes of opposite polarity
to those seen at the output of the current conveyor. During initial testing of the amplifier circuit,
the inclusion of these capacitors showed promising results, however, this was no longer the
case after the PCB had been designed and assembled. It was then found that the switching
spikes seen at the output of the amplifier were due to layout issues on the PCB. A more detailed
discussion can be found in Section 6.3.3.
Connections to Signal Processing board
The digital control signals, BI and BI, as well as the supply rails, ±15VD and 0VD, originate
from the Signal Processing and Power Supply boards, and were connected to the Preamplifier
board via a cable. The same cable was used to carry the analog output signal of the current
conveyor, CC OUTPUT, back to the Signal Processing board.
PCB layout
Once again, Cadsoft EAGLE was used to design the four-layer PCB, as shown in figure 6.6(a).
The board has two power planes and a ground plane, as shown in figure 6.6(b) through 6.6(d),
which were placed on the two inner layers and the bottom layer of the PCB. The size and
shape of the PCB was customised to fit into a plastic container, small enough to serve as the
preamplifier unit of the Blanking amplifier.
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Figure 6.6: PCB layout for the Preamplifier board.
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6.2.3 Signal Processing board
The circuit schematic for the Signal Processing board is shown in figure 6.7.
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Figure 6.7: Circuit schematic for the Signal Processing board.
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Blanking interval generator
The blanking interval generator is responsible for producing the BI and BI control signals which
are triggered by the BIT signals, produced by the Biphasic stimulator (refer to Section 5.2.5,
Output board optocoupler driver circuit).
The BIT signals for both channels, as well as their timing with respect to a stimulation
pulse, are shown in figure 6.8. The rising edge of each BIT signal occurs around 23µs (BIT
pulse width of 20µs + soft switching delay of 3µs) before the start of a stimulation pulse. The
BIT signals are connected to the Signal Processing board via an HCPL2531 optocoupler, which
provides isolation between the stimulator and the amplifier, as shown in figure 6.3. A selector
switch allows the user to specify whether BITch1 or BITch2 or both trigger signals, are used as
the inputs to the HEF4528 dual monostable.
The monostable was configured to be rising edge triggered, producing two output pulses,
one for each BIT signal. The duration of the output pulses (tBIch1 and tBIch2) is variable, ranging
from ∼40µs up to ∼6.5ms, as determined by the 200kΩ potentiometers (R BI ADJUST 1 and
2). The two complementary output pulses (Q) are combined using a diode logic AND gate
to produce the BI signal shown in figure 6.8. Similarly, BI is obtained using the two output
pulses (Q) and a diode logic OR gate. By combining the the blanking intervals from channel 1
and channel 2 to form the overall BI signal, the maximum pulse width of the blanking interval
would be slightly more than 6.5ms plus the duration of the stimulation pulse. This would give
a maximum blanking interval of roughly 8ms for a 400µs biphasic pulse.
These two control signals are connected to the Preamplifier board, and, through an opto-
coupler, to the output buffer.
Figure 6.8: Timing diagram for the blanking interval, black traces represent digital signals,
while grey traces are analog.
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Instrumentation amplifier
The AD620 instrumentation amplifier was used to provide additional gain to the output signal
of the Preamplifier board. The CC OUTPUT signal is AC coupled to the AD620 input, to
remove any possible DC offset attributed to the input offset errors of the AD844 [Bruun and
Haxthausen, 1991].
According to its datasheet [AD, 2004], the gain of the AD620 can be calculated as in
equation 6.4. The gain resistor, RG, is located between pins 1 and 8, corresponding to the 1kΩ
resistor (R22) in the circuit schematic. From this we can calculate that the gain of the amplifier
is just over 34dB (or 50×).
Av =
49.4kΩ
RG
+ 1 (6.4)
In figure 6.7, it can be seen that a resistive network is connected to the inverting input of
the AD620 via resistor R44. The purpose of the potentiometer in the network (R OFFSET),
is to allow the user to adjust for any offset in the amplifier output, due to input offset voltages
and bias currents. By connecting the potentiometer to the resistive network it ensures that the
zero potential (0VD) is roughly in the centre of the potentiometer wiper range, thus allowing
the offset to be adjusted for, either side of 0VD.
In the datasheet a bandwidth of 120kHz is specified for a gain of 100. For a gain of
50, the bandwidth could potentially be even greater, which once again, is well above the am-
plifier’s bandwidth requirement of 1kHz. When testing the amplifier, there was initially high
frequency switching interference present at the output of the Blanking amplifier. The source
of this interference was found to be the DC-DC converters of the Biphasic stimulator (refer to
Section 6.4.2). By reducing the excess bandwidth of the AD620, the interference problem was
partially solved. A method for filtering high frequencies was suggested in the datasheet, by
including the capacitors, CCM and CDM , as shown on the left of figure 6.9. The differential
mode cut-off frequency of the AD620 would then be given by equation 6.5.
fDM =
1
2piR(2CDM + CCM )
(6.5)
The circuit on the right hand side of figure 6.9 shows an equivalent circuit of the AD620
as it was realised on the Signal Processing board. The input resistance seen at the non-inverting
Figure 6.9: Instrumentation amplifier circuit as compared with the suggested filter circuit (re-
produced from AD [2004], with permission from Analog Devices).
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input terminal can be thought of as the parallel combination of the 50kΩ potentiometer (R CC-
GAIN), at the output of the current conveyor, and the 200kΩ bias resistor (R21), which yields
a total of 40kΩ. At the non-inverting input terminal, the resistive network used for the offset
adjustment, can be approximated by the parallel resistors shown in the figure, in series with
R44, which gives an input resistance close to 40kΩ.
As the AD620 was connected single-endedly, only the differential mode cut-off frequency
was of interest. By choosing CCM to be at least one order of magnitude smaller than CDM
and designing for a cut-off frequency of 1kHz, the necessary capacitor values were found to be
CDM = 2.2nF and CCM = 4.7pF.
Isolation amplifier
The isolation amplifier, which has been redrawn in figure 6.10, served two purposes. Firstly, it
provided the necessary electrical isolation between the subject side and the apparatus side of the
amplifier for the measured EMG signal. Secondly, it provided a gain adjustment for the user.
An IL300, linear optocoupler, was used for the isolation amplifier. This optocoupler pro-
vides 5.3kVrms isolation and a high bandwidth, typically greater than 200kHz. The configu-
ration shown ensured that the isolation amplifier could accept bipolar signals, referenced to
ground. The choice of resistor values is discussed in Section D.2 of the Appendix.
Figure 6.10: Isolation amplifier circuit, after Vishay [2004], with permission from Vishay In-
tertechnology, Inc.
The gain adjustment is realised with the feedback resistors of the TL061. Choosing R3 =
100kΩ and R4 = 1kΩ, noting that the TL061 is being used as a non-inverting amplifier and
accounting for the factor of 3 difference between the supply rails on either side of the isolation,
the gain of the isolation amplifier is given by:
Av =
1
3
[
1 +
R3
R4
]
(6.6)
By using a potentiometer for R3 (R ISO-GAIN in the circuit schematic) the range of the
isolation amplifier gain is found to be -9.5dB to 30.5dB (or 0.33× to 33.67×). The poten-
tial, +Vref , to which resistor R4 is connected is realised with a preset, (R ISO-OFFSET in
figure 6.7).
The total gain of the Blanking amplifier is a combination of the gains due to the current
conveyor, instrumentation and isolation amplifiers. Provided the current conveyor gain is set to
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its maximum level, the gain range of the Blanking amplifier is 56.5dB to 96.5dB (or 7717× to
72383×). Calibration measurements for the total gain are presented in Section D.3.
Output buffer
Unity-gain op-amps were used to buffer the output signals on the recording apparatus side of
the amplifier. The two signals of interest were the complementary blanking interval (BI ISO)
and the EMG signal. While developing the amplifier, the blanking interval signal (BI ISO) was
also used, but later became redundant. As it was originally necessary to buffer three signals,
a quad op-amp TL064 IC was used. The input of the fourth, unused op-amp, was connected
to signal ground (0VE). Due to the use of ground planes, as discussed in the PCB layout, it
was not possible to modify this fourth op-amp for other purposes, as seen in the output filter
discussion next. The buffered output signals were wired to BNC connectors, that could in turn
readily be connected to the data acquisition system.
Output filter
After including the high frequency filter at the instrumentation amplifier input, the high fre-
quency interference that had been initially seen in measurements, although somewhat reduced,
was still present. It was therefore decided to include a second stage of filtration in the form
of an output filter. Measurements of the interference and the frequency response of each filtra-
tion stage are presented in Section 6.4.2, however, the electronic design of the output filter is
discussed here.
Bronzite [1970] presents a design procedure for higher order active filters using unity-
gain amplifiers. As an output buffer utilising unity-gain amplifiers was already included in the
amplifier design, it was decided to modify the buffer to function as a low pass filter, at the output
of the Blanking amplifier.
According to Bronzite [1970], a third order, Butterworth filter, can be realised using the
two op-amp units shown in figure 6.11. Furthermore, Bronzite [1970] goes on to say that it
is possible to separate the two units with intervening linear circuitry, without influencing the
performance of the filter, due to the isolation provided by the unity-gain amplifiers. The passive
filter at the input of the instrumentation amplifier, acts as a first order filter. It was therefore pos-
sible to exclude the second unit of the Bronzite [1970] filter, while still maintaining an overall
third order filter performance (in Section 6.5.1 the frequency response of the EMG amplifiers
is shown to have a roll-off close to 60dB per decade). This was a necessary step as only one
Figure 6.11: Unity-gain amplifier, low pass filter, after Bronzite [1970], with permission.
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op-amp was available in the output buffer that could be used as part of the filter.
Bronzite [1970] goes on to provide the following design equations for the capacitor values.
C1 =
1
pif3dBR
C2 =
1
4pif3dBR
(6.7)
For a 3dB cut-off frequency of 1kHz, we can use R = 47kΩ, C1 = 6.8nF and C2 = 1.7nF.
PCB layout
Figure 6.12(a) shows the PCB layout for the Signal Processing board. As with the Preamplifier
PCB, a four-layer PCB design was used in which the middle two layers (route 2 and route 15),
and the bottom layer, were used to realise the power planes and ground planes, for the supply
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Figure 6.12: PCB layout for the Signal Processing board.
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rails, shown in figures 6.12(b) through 6.12(d). Isolation between the 5VC, ±15VD and ±5VE
supply rails was ensured by introducing isolation barriers in the form of 2mm gaps, between
the planes on each layer. The isolating components (HCPL2531 and IL300) were placed across
the barriers, while all the other components and the copper tracks were not allowed to cross the
barriers.
Originally the PCB was designed for a single EMG amplifier. This meant that the sup-
ply capacitors, voltage regulator, DC-DC converters and battery level indicator circuit of the
power supply were included on the board. These components fall in the grey section shown in
figure 6.12(a), and were the reason for the design of the power planes, 5V REG and VBAT, as
shown in figure 6.12(b). However, in a step to eliminate the high frequency interference caused
by the DC-DC converters (refer to Section 6.3.1), it was decided to remove the power supply
from the PCB and build the Power Supply board as a separate unit. This meant that all of the
components in the grey section were now redundant. Consequently the DC-DC converters were
physically removed from the board, and the 5V REG plane was shorted to 0VD to ensure that
the potentials on all the pins of the remaining redundant components were set to a defined value.
Not all of the components in the Signal Processing board were placed on the PCB. Instead,
they were located on the front and back panel of the amplifier case. Table 6.2 lists these com-
ponents and their functions. An edge connector was included in the PCB design to facilitate the
connections to these panel components, a wiring diagram of which is shown in figure 6.13.
The edge connector used was a 50× connector, with 25 pads situated on the top layer (pins
CTn in the figure) and 25 pads on the bottom layer (CBn). The pad connections were grouped
Table 6.2: Front and back panel components associated with the edge connector.
Component Function
Front panel
Power LED Indicator light to show there is power on the Signal Pro-
cessing board.
S BIT-SELECT1 Selector switch to determine which channel’s BIT signals
are used to generate the BI signal.
Cable connector to pre-
amplifier
Power supply for Preamplifier board, control signals BI
and BI and CC OUTPUT signal.
BNC connectors Output signals (blanking interval and EMG signal) pro-
duced by the Blanking amplifier. Facilitates connection to
recording apparatus.
R BI-ADJUST 1 & 2 Potentiometers used to set the BI pulse width for channels
1 and 2.
R ISO-GAIN Gain adjustment of EMG signal.
R OFFSET Offset adjustment of EMG signal.
Back panel
Cable connector to Bi-
phasic stimulator
BIT signals produced by the Biphasic stimulator that are
used to trigger the BI pulse.
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Figure 6.13: Edge connector wiring diagram.
according to the supply rails of the components. Between each of these groups at least one top
and bottom pad was left unconnected, thereby serving as an isolation barrier (note the outlined
pins in the figure, e.g. CB9 and CT10).
The pins in the grey sections were originally used for connections to and from the redun-
dant components in the PCB and no longer served any purpose.
6.3 Construction and assembly
The Blanking amplifier was assembled as three main parts, namely, the power supply unit,
the main amplifier box (in which the three Signal Processing boards were placed) and three
preamplifier units. During the construction and assembly phase, a number of interference issues
were encountered that it was possible to eliminate through careful consideration of the physical
layout of the amplifier.
6.3.1 The power supply unit
As mentioned earlier, the Signal Processing board was originally designed so that the power
supply was included as part of the board. This meant that after the main amplifier box had been
assembled, with all three Signal Processing boards, there was a total of six DC-DC converters
to be found inside the box. Figures 6.14(a) and 6.14(b) show initial measurements taken at the
output of the Blanking amplifier. The input to the amplifier was a 10V sine wave as provided by
a function generator, connected to the preamplifier through a 1000× resistive attenuator circuit.
The output waveform was quite noisy (figure 6.14(a)) and upon closer inspection a 240kHz,
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500mVp-p interference signal was found superimposed on the waveform (figure 6.14(b)).
As the DC-DC converters were the only possible source of this interference it was decided to:
1. Remove the converters from the Signal Processing boards.
2. Build a single power supply to provide power to all three EMG amplifiers.
3. House the power supply in a separate box, thereby reducing high frequency emitted ra-
diation - a likely contributor to the interference when the DC-DC converters were placed
within the amplifier box.
After the power supply unit had been constructed, the sine wave measurements were
repeated using the same amplifier gain settings, the results are shown in figures 6.14(c) and
6.14(d). The high frequency interference was virtually eliminated.
(a) EMG output signal, onboard DC-DC converters. (b) Switching interference due to onboard DC-DC con-
verters.
(c) EMG output signal, separate power supply. (d) Reduced switching interference with separate power
supply unit.
Figure 6.14: Comparison of EMG output signal measured with onboard DC-DC converters and
separate power supply unit.
Figure 6.15 shows the assembled power supply unit. The batteries were fastened to the
base of the box. The approach used for the Biphasic stimulator was also used here, namely,
two batteries were placed in the box, both of which were isolated from the Power Supply board
unless the battery lead was plugged into the battery connector. Once again it would be possible
to recharge one of the batteries while using the other to power the Blanking amplifier, without
compromising the amplifier’s isolation from mains earth.
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(a) Placement of batteries in the power supply box. (b) Power Supply board, placed on top of the batteries.
(c) The power supply user interface.
Figure 6.15: The power supply unit.
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The Power Supply board was constructed using strip board and placed above the batteries,
using nylon spacers. An isolation barrier was introduced between the two supply rails and the
rest of the board by removing the copper strips on the back of the board. The location of the
barrier has been indicated in figure 6.15(b). Even though the current required by the Blanking
amplifier was within the power ratings of the DC-DC converters and the voltage regulator, the
components still tended to get quite hot. This led to the voltage regulator being mounted on a
heatsink and the introduction of a 5V DC cooling fan.
The box used to house the power supply was shielded. A connection was introduced be-
tween the metallic lining of the box and 0VE. In the amplifier box 0VE was connected to mains
earth. The cables used to connect the power supply to the amplifier box were also shielded to
help reduce any radiated emissions.
6.3.2 The preamplifier unit
The Preamplifier board was placed in a box, separate from the rest of the amplifier, so that the
recording electrode leads could be kept as short as possible to reduce motion artefact. However,
this meant that the cable between the Preamplifier and the Signal Processing boards was quite
long, and therefore susceptible to capacitive coupling between the wires of the cable.
The input terminals of the Blanking amplifier were shorted together, and the outputs of
the various amplification stages measured. Figure 6.16 shows the waveform for each stage,
current conveyor, instrumentation amplifier and isolation amplifier, (figures 6.16(a), 6.16(b) and
6.16(c), respectively), captured during a blanking interval (top trace of each figure).
Initially, all six of the power and signal lines (as mentioned in Section 6.2.2, Connections
to Signal Processing board), were bundled together by using a six core, shielded cable. At
every stage of amplification a switching spike was present that corresponded with the rising
and falling edges of the blanking interval (second trace in figures 6.16(a) through 6.16(c)). The
presence of the spike became more evident with each additional gain stage.
It was found that the cause of the spike was mainly due to capacitive coupling between
the digital control signal and analog output signals, carried by the cable. Within the six core
cable two digital control signals were present (BI and BI), as well as the analog output signal
of the current conveyor (CC OUTPUT). The six core cable was then replaced with a three
pair, individually shielded cable. The signal lines were grouped, as shown in table 6.3, so that
the digital control signals were in a different shielded pair as the analog output signal. In so
doing, the switching spike was almost completely removed at the output of the current conveyor
and significantly reduced at the instrumentation and isolation amplifier outputs, (see third trace
Table 6.3: Shielded cabling pairs.
Pair 1 (power) Pair 2 (digital) Pair 3 (analog)
+15VD BI CC OUTPUT
-15VD BI 0VD
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Figure 6.16: Blanking interval switching spikes.
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in figures 6.16(a) through 6.16(c)). Further reduction to the switching spike amplitude was
achieved through modifications made to the Signal Processing board (see Section 6.3.3).
Figure 6.17 shows the populated Preamplifier board and the box within which it was
housed. The clamping diodes, included at the input of the current conveyor circuit, were not part
of the original Preamplifier board design but were a modification made to the PCBs, as shown
in figure 6.17(b). The additional wires soldered to the 50k potentiometer (R CC-GAIN), were
necessary as the solder pads on the PCB were mistakenly designed too small. Consequently the
contact between the solder pads and the legs of the potentiometer components was not reliable
until the wire connections were soldered in place.
(a) Preamplifier board, front view. (b) Preamplifier board, back view.
(c) The preamplifier box.
Figure 6.17: The assembled preamplifier unit.
The output voltage during the blanking interval is controlled by the biasing potentiometer
(R CC-BIAS). It was necessary for the user to adjust this level, for each subject individually,
using the multi-turn, side adjustment potentiometer. For this purpose a custom made fitting was
made1, labelled in figure 6.17(c) as the potentiometer adjustor.
1Courtesy Mr Joe Evans
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The recording electrodes to be used were the Ambu Neuroline 720, self-adhesive surface
EMG electrodes. The electrodes come with a 10cm lead wire and a 1.5mm female pin connec-
tor. The male pin connectors on the recording electrode leads of the preamplifier were fashioned
from a 2mm pin connector, using a lathe.
6.3.3 The amplifier box
It has already been discussed how the switching spikes, seen at the rising and falling edge of the
blanking interval, were partly caused by capacitive coupling between digital and analog signal
lines in the cable connecting the preamplifier to the amplifier box. Upon closer inspection of
the Signal Processing board, a similar situation was seen to occur where a number of digital
signal tracks had been routed close to the analog signal tracks. Figure 6.18 shows an enlarged
section of the Signal Processing board PCB where the analog tracks are drawn in grey. The
signal carried by each track has been labelled, as well as the corresponding edge connector pin
number (refer to figure 6.13), that the track is connected to.
The four analog signal tracks shown (CC OUTPUT and the three R OFFSET lines) are
all connected to the input of the instrumentation amplifier. Four digital signal tracks (BI, BI
and the two BIT signals) can be seen to be in close proximity to the analog tracks. To prevent
any capacitive coupling occurring, the digital signal tracks were cut and replaced by a shielded
cable soldered directly to the board on one end, and, to the corresponding front panel component
on the other. This meant that the routed tracks, the edge connector and the ribbon cable used
to connect the components to the edge connector, were bypassed, all of which are possible
locations for capacitive coupling to occur.
Once again, the output waveform at each amplification stage was measured, while shorting
the amplifier’s input terminals together. The measurements are shown as the bottom trace in
each of the figures 6.16(a) through 6.16(c). Clearly the amplitude of the switching spikes was
even further reduced, with the spikes now only evident at the output of the isolation amplifier.
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Figure 6.18: Enlarged view of Signal Processing board PCB.
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The high overall gain of the Blanking amplifier makes it difficult to further reduce the
switching spikes. However, the time constant of the remaining spikes is on the order of a few
micro-seconds, which is much faster than the expected M-wave response and hence are unlikely
to adversely affect the measurements.
Figure 6.19 shows the front and back views of the populated Signal Processing PCB. In the
front view, three modifications that were made to the PCB can be seen. The first is the shielded
cables that were used to replace the digital signal tracks. Next, a shunt connection between
the 5V-REG and 0VD power planes can be seen, as mentioned in Section 6.2.3 (PCB layout).
Lastly, a current limiting resistor was included on the board that was connected to the power
LED (pin CT18 of the edge connector).
Further modifications made to the back of the Signal Processing board are shown in fig-
ure 6.19(b). The 1kHz output filter and the capacitive filter at the input of the instrumentation
amplifier were not part of the original Signal Processing board design, and are therefore high-
lighted as two of the modifications. However, the origin of the interference that these circuits
were filtering, was not due to a layout issue within the Blanking amplifier and is therefore not
discussed here, but rather in Section 6.4.2. Another modification involved increasing the value
of the timing capacitance of the HEF4528 monostable used in the blanking interval generator.
This was merely to increase the pulse width of the blanking interval. Lastly, the shielded cables
used to connect the Signal Processing board to the power supply are shown.
The three Signal Processing boards were placed in a metal case known as the amplifier
box, as shown in figure 6.20(a). The power supply was connected to the amplifier box via the
shielded cables shown in figure 6.15(c). However, it was still necessary, within the box, to
connect each of the Signal Processing boards to the supply rails, as well as to the BIT signals
produced by the Biphasic stimulator. This was achieved by building a Distribution board, shown
in figure 6.20(b), from strip board and mounting it in the box. The cables connected to the
Distribution board were shielded to reduce any possible emitted radiation originating from the
supply rails or the digital BIT signals. The 0VE rail was also connected to the earthed amplifier
box via the Distribution board.
For each of the three EMG amplifiers, the components listed in table 6.2 were mounted
on the front panel of the amplifier box, as shown in figure 6.20(c). The shafts of the four
potentiometers had dials fitted, so that the exact setting of the potentiometer could be monitored.
This was necessary for the EMG signal gain adjustment potentiometer (R ISO-GAIN).
A few additional connectors were to be found on the back panel (refer to figure 6.20(d)).
This included the connector for the BIT signal cable from the Biphasic stimulator, connectors
for the power supply cables and a mains earth connector, that allowed the amplifier box to be
earthed via a connection to the chair electronics box.
Figure 6.21 shows the wiring diagram for the fully assembled amplifier, as well as that of
the stimulator discussed in the previous chapter. The subject-side of the amplifier electronics
is isolated from mains earth and from the stimulator. As in the case of the stimulator the
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(a) Front view.
(b) Back view.
Figure 6.19: Photographs of the Signal Processing board.
optocouplers, isolation amplifiers and physical separation were used to realise the isolation
barriers. This ensured that there was no direct connection between the subject and either the
batteries or mains earth.
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(a) Placement of Signal Processing boards in the amplifier box. (b) Placement of Distribution board.
(c) Front panel. (d) Back panel.
Figure 6.20: Signal Processing board assembly in the amplifier box.
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Figure 6.21: Wiring diagram showing the circuit boards, supply rails and isolation barriers, relative to earth, for both the Biphasic stimulator and the Blanking
amplifier.
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6.4 Amplifier development
The Blanking amplifier discussed thus far is the final version. However, during development
some design decisions were influenced by the amplifier’s measured performance. In this section
the common mode voltage range of the amplifier, as well as interference issues encountered are
discussed. Once again the aim of this section is to highlight the practical challenges in electronic
design and by extension, those of building a working system.
6.4.1 Common mode voltage range
The common mode voltage range of a differential amplifier is defined as “...the range of the
input voltage vCM over which the differential pair behaves as a linear amplifier for differential
input signals” [Sedra and Smith, 1998]. According to the AD844 datasheet, the common mode
range is equivalent to the supply rails.
This was tested by connecting both input terminals of the preamplifier to a function genera-
tor. The amplitude of the input waveform at which the output waveform started to distort, signi-
fying that the amplifier was no longer behaving linearly, was then found. Originally the subject
side of the isolation barrier was powered by a±5VD rail. In figure 6.22(a) the current conveyor
and instrumentation amplifier output waveforms (CC OUTPUT and AD620 OUTPUT respec-
tively) show the start of distortion when the input voltage was measured at 3.2Vp-p. This is
considerably less than the 10V range of the supply rail.
By increasing the supply rail to ±15VD, a common mode input waveform of 14.8Vp-p,
still showed no distortion in the output signals (see figure 6.22(b)). This indicated a much
larger common mode voltage range, which was preferable as the amplitude of the common
mode voltage that the recording electrodes would be subjected to during stimulation, was at
this stage, relatively unknown. The greater the common mode range of the current conveyor,
the less likely the amplifier would behave non-linearly. Consequently it was decided to use the
maximum possible supply rail for the AD844, namely ±15V. In later experiments, discussed in
Section 7.4.3 the largest common mode voltage measured was 5.68V, well below the common
mode range of the current conveyor.
(a) ±5VD supply rail. (b) ±15VD supply rail.
Figure 6.22: Measurement of the Blanking amplifier’s common mode voltage range.
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6.4.2 Interference reduction
Previously, the interference issues inherent to the Blanking amplifier design, and the steps taken
to reduce this interference, were discussed. However, further interference issues were found
when the Blanking amplifier was used in a practical setup. Figure 6.23(a) shows the placement
of the recording electrodes and the stimulating electrodes on the Quadriceps muscles of a sub-
ject’s leg. The reference electrode was placed on the knee. Next to it is shown a schematic
representation of the setup, that will be used throughout the rest of this thesis to describe the
positioning of the electrodes for the various experiments discussed.
In the schematic, the position of the anode-first (+) and cathode-first (-) stimulating elec-
trodes is indicated, as well as the position of the recording electrodes connected to the red (r)
and green (g) amplifier input leads. The reference electrode, indicated with a ground symbol,
is connected to the black (k) amplifier input lead (internally connected to 0VD). All three EMG
amplifiers use the same reference electrode. The orientation of the recording electrodes is also
shown, in this case the electrodes were placed longitudinally.
(a) Practical setup. (b) Schematic representation.
Figure 6.23: Positioning of the stimulating and recording electrodes on the Quadriceps.
Using this setup, the EMG in Rectus femoris (RF) and Vastus medialis (VM) with the
subject at rest and the stimulator not connected to the stimulating electrodes, was recorded as
shown in figure 6.24(a). The stimulator was then introduced into the setup using the stimulation
settings shown in the table above figure 6.24.
Figure 6.24(b) shows the same measurement as in 6.24(a), after the stimulator was turned
on with current amplitude settings of 0mA. The output EMG waveforms now appear very noisy,
due to high frequency interference (on the order of 30kHz) superimposed on top of the EMG
signal. The source of this high frequency interference was attributed to the DC-DC converters
in the stimulator. During a stimulation pulse, even though there was no stimulation current
flowing, the high and low side switches in the output stage of the amplifier were operational,
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thereby creating an electrical connection between the subject and the 200V rail of the stimulator
(refer to figure 6.21.
The stimulator settings for channel 1 were then changed to I = 38mA and PWr = 70%,
for which the RF EMG recording is shown in figure 6.24(c). The inverted M-wave shape can
be seen but the signal is still exceptionally noisy. The reason for the inversion of the M-wave,
from the conventional M-wave shape discussed in Section 1.2, is to do with the orientation of
the recording electrodes, further discussed in Section 6.5.4.
The presence of this high frequency switching interference was the reason for the inclusion
of the capacitive filter at the input of the instrumentation amplifier and the output filter (refer to
figure 6.7).
Figure 6.25(a) shows the frequency response of the instrumentation amplifier before and
after the capacitive filter was added. Before the filter, the bandwidth of the AD620 was around
100kHz. After adding the filter the bandwidth was reduced to 1kHz, and had a roll-off of
20dB per decade (equivalent to a first order low pass filter). Figure 6.25(c) shows an M-wave
measured in RF using a similar setup. Clearly most of the high frequency interference was
eliminated.
Quads T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 RF 30 200 100 0
Ch2 VM 30 200 100 0
(a) At rest, before connecting stimulator to subject. (b) At rest, after connecting stimulator to subject.
(c) M-wave measured in VM.
Figure 6.24: EMG measurements without filters.
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(c) M-wave, after introducing the capacitive filter. (d) M-wave, after introducing the output filter.
Figure 6.25: Filter frequency response and measured M-waves.
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In order to further reduce the interference it was necessary to increase the order of the low
pass filter. The output filter on the Signal Processing board served this purpose, the frequency
response of which is shown in figure 6.25(b). It has a cut-off frequency of 1kHz and a roll-off of
40dB per decade, indicating that it is a second order filter. This implies that the overall filtering
response of the Blanking amplifier would be similar to that of a third order filter with a cut-off
frequency of 1kHz (further discussed in Section 6.5.1). Once again the M-wave measurement
was repeated with the addition of the output filter. The result is shown in figure 6.25(d). The
high frequency interference was no longer evident. The apparent difference in amplitude be-
tween the two M-waves shown in 6.25(c) and 6.25(d) is due to different display settings used
on the oscilloscope (1V/div for the former and 2V/div for the latter).
6.5 EMG amplifier performance
The performance of the amplifier was characterised by looking at the overall frequency re-
sponse, the so-called blanking interval response and the transient response. The influence of
the orientation of the recording electrodes, on the polarity of the measured M-wave, was also
considered.
6.5.1 Frequency response
The differential mode gain of the Blanking amplifier is determined by the potentiometer, R ISO-
GAIN which is found on the front panel of the amplifier box (refer to figure 6.20(c)). The dial,
fitted over the potentiometer has numbers ranging from 0 to 84, represented by the variable dn.
The differential mode frequency response of each EMG amplifier was measured, for a dial
setting of dn = 6. Such a low dial setting was chosen so that the output waveform did not clip
for the passband frequencies, while the input voltage was still large enough to measure with the
oscilloscope. The input was a 10Vp-p sine wave, attached through a 1000× resistive attenuator,
giving a nominal input voltage of 10mVp-p. A choice of dn = 6 gave a good indication of the
amplifier performance as, during the study discussed in Chapter 8, the gain settings used for all
the subjects ranged from 5 to 12.
The gain and phase plots are shown in figure 6.26(a). All three amplifiers had a flat re-
sponse over the expected EMG bandwidth of 20-500Hz, with a cut-off frequency around 1kHz.
The roll-off is close to 60dB per decade, corresponding with the expected third order filter be-
haviour mentioned previously. The gain curves of EMG amplifiers 2 and 3 overlap, while the
gain curve of EMG amplifier 1 is slightly less than the other two. The gains of each stage of am-
plification (current conveyor, instrumentation amplifier and isolation amplifier) are determined
by resistors. A slight mismatch in the value of these resistors would explain the difference
between the curves.
The same dial setting was used to measure the common mode gain of each EMG ampli-
fier, as shown in figure 6.26(b). (Note that these measurements were taken before the clamping
diodes were introduced into the preamplifier.) EMG amplifiers 1 and 3 showed similar com-
mon mode gain responses, while the response of EMG amplifier 2 was considerably different.
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Figure 6.26: Frequency response of the three EMG amplifiers.
It should be noted that only the current conveyor circuit was used as a differential amplifier.
This means that the common mode gain of the EMG amplifiers is mainly determined by the
performance of this circuit.
The difference in the common mode frequency response of EMG amplifier 2 can be ex-
plained by mismatches in component values. In particular, if we consider the input filter shown
in figure 6.5, any mismatches in capacitors C19 and C20 and resistors R14 and R15 would
cause a common mode voltage to appear as a differential mode voltage at the inputs of the cur-
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rent conveyor circuit. The capacitors used had a tolerance of only 10%, while the resistors had
a tolerance of 1%.
The differential and common mode gains were then used to calculate the Common Mode
Rejection Ratio (CMRR), shown in figure 6.27.
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Figure 6.27: CMRR of the three EMG amplifiers.
6.5.2 Blanking interval response
The Blanking amplifier was connected to the Biphasic stimulator, so that a blanking interval
(BI) could be triggered. The three input leads of each EMG amplifier were connected together,
thereby effectively shorting the two input terminals to 0VD (the reference electrode potential).
The output voltage of the three amplifiers was then measured; the gain settings used for each
amplifier are indicated in the table above figure 6.28. This setup ensured that, other than the BI
trigger connection, there was no connection between the stimulator and the amplifier. There-
fore, no stimulation pulse would be present at the input terminals of the amplifier, hence, no
stimulation artefact should be present in the output signal.
This was indeed the case in figure 6.28(a). The voltage level during the blanking interval
was set to the same level as that measured between blanking intervals by adjusting the poten-
tiometer R CC-BIAS (discussed in Section 6.2.2, Current conveyor circuit). This was referred
to as the bias position of the preamplifier being centred. However, if the bias position was
changed, using R CC-BIAS, so that the blanking interval voltage level swung to either side of
the centred level, a transient response was seen, as shown in figure 6.28(b). This transient was
not a stimulation artefact, although it has a similar appearance as the stimulation artefacts dis-
cussed in Chapter 7. The occurrence of this transient response was termed the blanking interval
response.
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EMG amplifier: 1 (VM) 2 (RF) 3 (VL)
Gain
80.8dB 72.6dB 78.3dB
(10968×) (4254×) (8258×)
(a) Blanking interval voltage centred. (b) Blanking interval voltage not centred.
Figure 6.28: EMG output signal dependence on current conveyor biasing (R CC-BIAS).
The magnitude of the BI response was dependent on how far beyond the centred position
the bias position of the amplifier was adjusted. The transient responses shown in figure 6.28(b)
were the worst case scenarios, where the bias position had been adjusted to the limits of R CC-
BIAS.
The origin of the BI response was investigated by measuring the response of the Blank-
ing amplifier at each consecutive stage of amplification. In this manner the BI response was
traced to the 1kHz output filter. Figure 6.29 shows the Blanking amplifier response measured
at the output of the isolation amplifier, the input of the 1kHz output filter and finally the signal
measured at the output of EMG amplifier 3. The pin numbers of the IC’s where each measure-
ment was captured have been indicated, and correspond with the circuit schematic shown in
figure 6.7.
Figure 6.29: Origin of the Blanking interval response.
Up till the output of the isolation amplifier, there is no BI response present. It only ap-
pears at the input of the output filter, which is seen to have capacitive feedback from the filter
output signal. This implies that the BI response is caused by the inherent transient response
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of the output filter. The transient response of the Blanking amplifier is further considered in
Section 6.5.3.
The implication of the BI response was that, when taking EMG measurements, it was
necessary to ensure that the bias positions of the preamplifiers were centred, lest the BI response
interfered with the measurement of the M-wave.
Spontaneous changes in BI voltage level
Centering the BI voltage level was not always straight forward as it was found that the volt-
age level did not stay constant. Figure 6.30(a) shows just such a situation. The top trace was
captured at the output of the current conveyor (refer to figure 6.5) while the bottom trace was
captured at the input of the instrumentation amplifier (refer to figure 6.7). Each of the traces
show two overlapping measurements (dark and light traces), captured shortly after one another,
without any changes being made to the experimental setup. In the lower trace the BI voltage
level suddenly changed, when the scope probe was connected to the Preamplifier PCB. The
voltage level was also seen to spontaneously change if:
1. The reference electrode was moved.
2. The reference potential of the subject was changed, for instance when the subject touched
a metal case that was earthed.
3. The stimulation intensity changed, either by changing the amplitude of the stimulation
current or by changing the pulse width (as happens during the ramp on and ramp off
intervals of the recruitment curve stimulation protocol - refer to Section 4.2.2).
Jitter in EMG measurements
Another difficulty encountered when trying to centre the BI voltage level was the presence of
jitter in the EMG measurements. Figure 6.30(b) shows how the voltage level of the entire signal,
as measured at the input of the instrumentation amplifier, changed with time. This was seen as
jitter in the final output of the Blanking amplifier.
(a) Spontaneous change in BI voltage level. (b) Jitter seen in EMG amplifier output signal.
Figure 6.30: Origin of signal jitter.
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Discussion
Between the two measurement points used in figure 6.30, capacitors were included to provide
AC coupling (refer to figure 6.7). This was to ensure that the input to the instrumentation
amplifier is centred around 0VD. From figures 6.30(a) and 6.30(b), it would appear that the AC
coupling is the source of both the spontaneous change in the BI level and the jitter. In both
cases the changes were only evident at the input to the instrumentation amplifier and not at the
output of the current conveyor.
Consider the Preamplifier circuit, refer to figure 6.5. The presence of the input filter, be-
fore the AD844 ICs, ensures that the mean value seen at the current conveyor input is zero.
However, by adjusting the BI voltage level (whether intentionally using R CC-BIAS or spon-
taneously through changes in capacitive coupling) the mean value of the output of the current
conveyor is no longer zero. The second AC coupling stage, between the current conveyor and
the instrumentation amplifier, would cause the entire waveform to move up and down, appearing
as jitter in the EMG amplifier output.
Recall that the BI voltage level change seen in figure 6.30(a) occurred when a scope probe
was connected to the Preamplifier PCB. This had the effect of changing the capacitive coupling
between the PCB and earth, when the ground terminal of the probe was connected to 0VD on
the PCB. Prior to the scope probe connection directly to the PCB, the connection to earth had
been through the shielded cabling connecting the Preamplifier unit to the amplifier box, where
another scope prove had created a connection between 0VD and earth on the Signal Processing
PCB. When we consider the fact that the reference electrode is directly connected to 0VD, it can
be seen that the three situations listed as causing spontaneous changes in the BI voltage level,
would all have the same effect of changing the capacitive coupling between the Preamplifier
unit and earth, and as a consequence introduce jitter into the measurement.
By removing the coupling capacitors, both problems should be avoided, however, the like-
lihood that the output signal of the instrumentation amplifier would clip one of the supply rails,
would be increased. At present, it is necessary for the user to adjust the biasing potentiome-
ter, while taking measurements, to prevent the occurrence of the BI response, as triggered by a
spontaneous change in the BI voltage level. Fortunately even though the BI voltage level did
tend to jump around during the recruitment curve stimulation protocol, and although some jitter
was present in the entire signal, provided that the BI voltage level was centred at the start of the
protocol, it was seen to be possible to capture EMG measurements without being hindered by
the BI response. For this reason no further steps were taken to eliminate either the spontaneous
BI voltage level change or the jitter.
6.5.3 Transient response
The transient response of the amplifier was investigated by using a signal generator to produce
a pulse waveform; 10V amplitude, 1ms pulse width, 30ms period. The signal generator was
connected to the amplifier through a variable (2× - 1000×) resistive attenuator. All three EMG
amplifiers showed similar transient responses, consequently the results from only one ampli-
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fier are presented. There was no connection between the stimulator and the amplifier while
capturing these measurements, therefore no blanking intervals were present in any of the mea-
surements. It should be noted that all the transient response measurements were captured with
the clamping diodes present in the Preamplifier circuit (refer to figure 6.5).
Differential input voltage
Figure 6.31 shows the transient response due to a differential input pulse at the input terminals
of the amplifier.
In figure 6.31(a) we can see that the amplifier output at the falling edge of the pulse over-
shoots the baseline measured just before the start of the pulse. Figure 6.31(b) shows an enlarged
view of the pulse waveform and the amplifier response. The pulse measured at the amplifier
output is slightly delayed with respect to the input waveform. The shape of the waveform has
also been more rounded, as expected due to the 1kHz cut-off frequency of the EMG amplifier.
The amplitude of the falling edge overshoot increased as the amplitude of the input pulse
increased, eventually causing the EMG amplifier to saturate. This however seemed to be related
to the current present at the input terminals, as opposed to the voltage amplitude, as even when
the attenuator was set to 2× and the amplifier was completely saturated, the input voltage was
measured at only 53.1mV, due to the presence of the clamping diodes.
Figures 6.31(c) and 6.31(d) show the waveforms measured at the output of the isolation
amplifier and the input of the output filter, respectively, (refer to figure 6.7). The transient re-
sponse is already evident at the output of the isolation amplifier. However, considering the fact
that this is after the current conveyor, instrumentation amplifier and part of the isolation ampli-
fier gain stages, the amplitude of the transient response at this point was negligible. However,
the response has become far more evident at the input of the output filter. As in the case of the
BI response, the output filter transient response is mostly responsible for the EMG amplifier
transient response, due to a differential input voltage.
Common input voltage
Similar measurements were taken to investigate the transient response of the EMG amplifiers
due to a common input voltage. The results are shown in figure 6.32.
Figure 6.32(a) shows the input and output voltage waveforms, in which the transient re-
sponse of the EMG amplifier is clearly evident. As with the case of a differential input voltage,
increasing the amplitude of the common input voltage also increased the amplitude of the tran-
sient response. The measurement shown was captured with an input voltage of 2.313V.
The origin of this transient response was traced to the output of the current conveyor (re-
fer to figure 6.32(b)). This implies that it is due to any mismatch present in the input filters
as well as the inherent response of the AD844 ICs. The transient response then remained un-
changed throughout all of the amplification stages, including that of the isolation amplifier (see
figure 6.32(c)). However, at the input of the output filter, the transient response became more
evident, as shown in figure 6.32(d).
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(a) Input and output waveforms, time scale 5ms/div. (b) Input and output waveforms, time scale 500µs/div.
(c) Waveform at the isolation amplifier output. (d) Waveform at the output filter input.
Figure 6.31: Transient response of EMG amplifier 1, differential input voltage.
(a) Input and output waveforms, time scale 5ms/div. (b) Waveform at the current conveyor output.
(c) Waveform at the isolation amplifier output. (d) Waveform at the output filter input.
Figure 6.32: Transient response of EMG amplifier 1, common input voltage.
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In Section 7.4 a common input voltage was found to be a source of stimulation artefact.
While the inherent transient response of the EMG amplifiers played a part in shaping the stim-
ulation artefact, as discussed in Section 7.6.
6.5.4 Recording electrode orientation and M-wave polarity
The orientation of the recording electrodes was found to influence the polarity of the measured
M-wave. Figure 6.33(b) shows two M-waves measured in the Biceps brachii muscle of the
arm, with the electrode positions shown in figures 6.33(a) and 6.33(c). For both measurements
the reference electrode was placed on the elbow, the same stimulation settings were used (as
indicated in the table above the figure) and the same EMG amplifier gain setting were used.
The only differences between the two measurements was a reversal in the orientation of
the recording electrodes and a slight difference in the stimulation current settings (16mA for
position 1 and 12mA for position 2). By reversing the electrode orientation, a corresponding
reversal in the polarity of the M-wave was seen. The slight difference in current amplitudes
accounts for the difference in M-wave peak to peak amplitudes.
The stimulation artefact was removed by means of suitable adjustments to the pulse width
ratio (further discussed in Chapter 7), although the exact setting was not recorded (NR). Further-
more, high frequency interference is seen to be present in the M-waves due to the fact that these
measurements were taken prior to the introduction of the 1kHz filter at the amplifier output.
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 2000 200 NR Varied
(a) Position 1. (b) Blanking interval (upper trace) and EMG signal
(lower trace).
(c) Position 2.
Figure 6.33: Influence of recording electrode orientation on polarity of the M-wave.
6.6 Summary
A Blanking amplifier, was designed and constructed that used a current conveyor circuit [Bruun
and Haxthausen, 1991] at the input stage to shut down the amplifier during a stimulation pulse,
thereby enabling the measurement of the EMG directly after the pulse. The time period during
which the amplifier was shut down was referred to as the blanking interval.
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The amplifier had three such input stages, so that EMG measurements in each of the three
superficial muscles of the Quadriceps, could be measured simultaneously. The design of the
amplifier incorporated isolation barriers, for electrical safety purposes.
Two performance issues that arose during the design process were addressed:
1. Switching spikes arose due to capacitive coupling between analog and digital signal lines
that were in close proximity to one another. The spikes were reduced by changing the
layout of cables and PCB tracks.
2. High frequency interference caused by the DC-DC switching converters was eliminated
by building a separate power supply unit, to reduce emitted radiation, and by introducing
low pass filters into the amplifier design.
The three EMG amplifiers were characterised, the specifications are provided in table 6.4.
Table 6.4: Blanking amplifier specifications.
EMG amplifier 1 (VM) EMG amplifier 2 (RF) EMG amplifier 3 (VL)
Bandwidth (Hz) 3-1000 3-1000 3-1000
Gain (dB) 51-92 56-96 56-96
CMRR (dB) 60 50 60
Noise (µV)a 20 14 16
Supply Battery Li-ion, 7.5V, 2200mAh, rechargeable, internal
battery pack
Input impedanceb Differential Mode (kΩ)c 410
Common Mode - 1 input terminal (kΩ)d 200
Common Mode - 2 input terminals (kΩ)e 100
Output Voltage range ±5V
Assembly 3× preamplifier units
1× amplifier box
1× power supply unit
a Output voltage referred back to input when Istim = 0mA.
b Calculated by inspection of figure 6.5 at 50 Hz (middle of passband shown in figure 6.26(a)).
c Zdm =
2
XC
+ 2R = 2
100pi·470nF + 2 · 200kΩ ≈ 410kΩ
d Zcm1 =
1
XC
+R = 1
100pi·470nF + 200kΩ ≈ 200kΩ
e Zcm2 = 0.5
(
1
XC
+R
)
= 0.5
(
1
100pi·470nF + 200kΩ
) ≈ 100kΩ
The amplifiers showed a blanking interval response, namely the presence of a transient
response similar in appearance to a stimulation artefact. This response was present if the voltage
level, during the blanking interval, was not adjusted (using a biassing potentiometer) to the same
level as that measured between blanking intervals.
The transient response of the amplifiers were measured and found to be a bandpass charac-
teristic of the output filter. The role this played in the measured stimulation artefacts is further
discussed in Chapter 7.
Chapter 7
Stimulation artefact: understanding the causes
and reducing the effect
7.1 Introduction
To recapitulate, the difficulty with measuring EMG signals, when the recording electrodes are
placed between the stimulating electrodes is the fact that the stimulation pulse can cause the
amplifier to saturate. Often, the period of time required for the amplifier to recover is so long
that the EMG signal of interest cannot be measured. The Blanking amplifier, discussed in the
previous chapter, prevented the saturation of the EMG amplifiers, thereby enabling the EMG
signal to be measured directly after the stimulation pulse. However, even with the aid of the
blanking, it is not unusual for there to be a residual stimulation artefact present in the EMG
signal [Parsa et al., 1998].
The stimulation artefact typically appears as a spike, followed by an exponential decay
[McGill et al., 1982], the amplitude and time constant(s) of which, depend on several fac-
tors [O’Keeffe et al., 2001], including the “stimulator output characteristics, the interelectrode
impedance, and the relative geometry of stimulation and detection electrodes” [Knaflitz and
Merletti, 1988].
The presence of the stimulation artefact is also more prevalent when using surface elec-
trodes for stimulation. When wire or needle electrodes, or nerve cuffs, are used, the “current
field is limited to a relatively small tissue volume and does not extend to the region of space
that contributes to the voltage sensed by the detection electrodes” [Knaflitz and Merletti, 1988].
However, these methods are invasive and not relevant to this thesis.
According to Scott et al. [1997], the “effective duration of the stimulus artefact depends
upon the stimulator and stimulating electrodes chosen and on the impulse response of the
preamplifier”. If the latency of the M-wave is sufficiently long, the M-wave itself will not
overlap with the artefact [Harding, 1991], however, the closer the recording electrodes are to
the stimulating electrodes, the shorter the latency. In the case where the recording electrodes
are placed between the stimulating electrodes, the M-wave usually starts directly after the stim-
ulation pulse. This can result in the two responses overlapping [Harding, 1991].
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Figure 7.1 shows a set of measurements that were recorded using the Biphasic stimulator
and Blanking amplifier. Experimental results have been included in the introduction to illustrate
the various facts discussed in the literature.
In figure 7.1(a) the amplitude of the stimulation current was set below threshold value
for a muscle contraction, so as not to generate an M-wave. Initially, directly after the blanking
interval, a stimulation artefact can be seen that fits the description given by Knaflitz and Merletti
[1988] and McGill et al. [1982]. By adjusting the pulse width ratio, PWr, setting it was possible
to eliminate the stimulation artefact.
Figure 7.1(b) shows a similar set of measurements where the amplitude of the stimulation
current was above the threshold value. Initially the stimulation artefact and the M-wave overlap,
as predicted by [Harding, 1991]. As a result, the M-wave is so distorted that it is impossible
to accurately measure the peak-to-peak amplitude or duration. In some cases the stimulation
artefact was so severe that the presence of the M-wave was completely obscured. After adjusting
the PWr setting, the stimulation artefact was removed and the M-wave was easily discernible.
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(a) Stimulation intensity below threshold.
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(b) Stimulation intensity above threshold.
Figure 7.1: Influence of stimulation artefact on EMG measurements.
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McGill et al. [1982] and McLean et al. [1996] both discussed the cause of the stimulation
artefact as a product of several factors, namely:
1. The stimulation current, travelling through the limb of the subject, sets up a voltage gra-
dient, that appears across the recording electrodes [McGill et al., 1982; McLean et al.,
1996].
2. Common mode voltage present at the recording electrodes [McGill et al., 1982].
3. Shaping by the recording amplifier - the passage of the spike through the recording am-
plifier’s high-pass filter introduces a slow exponential tail into the signal [McGill et al.,
1982].
4. Displacement current travelling through the body tissue and via stray capacitance to
ground [McLean et al., 1996].
5. Electromagnetic or capacitive coupling between the stimulating and recording leads
[McLean et al., 1996].
McGill et al. [1982] also proposed an electrical model that had to be considered when investi-
gating the various causes. The constituent parts of the model were:
1. Stimulator type.
2. Electrode/skin interface
3. Subcutaneous tissue of the limb.
4. The recording amplifier.
Scott et al. [1997] went on to say that the relative importance of each of these factors
depended on “a number of parameters specific to the measurement system.” He also showed
that the individual causes could be investigated separately, as the total stimulation artefact could
be considered to be the linear sum of the individual causes.
In this chapter, the various factors responsible for the stimulation artefact, specific to the
Stimulator-Body-Amplifier system, realised with the Biphasic stimulator and the Blanking am-
plifier, are looked at. Of the five main causes listed above, only two were identified as being
relevant, namely the voltage gradient and the common mode voltage. These causes were dis-
cussed by taking into account the relevant parts of the model, the most important being the
electrode skin-interface. The resistance of the tissue of the limb being stimulated and the input
impedance of the amplifier, were also touched on.
By developing a better understanding for the mechanisms causing the stimulation arte-
fact it was possible to reduce, or, in some cases completely eliminate the artefact (refer to fig-
ure 7.1(b)). This, in turn, had a large influence on the experimental setup and protocols followed
during the study discussed in Chapter 8.
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7.2 Voltage gradient
During a stimulation pulse, current flows between the two stimulating electrodes, from the
anode through the tissue, to the cathode, as shown in figure 7.2. The current density will be
greatest closest to the stimulating electrodes, while midway between the two electrodes the
current density will be much smaller [McLean et al., 1996]. Kornfield et al. [1985], McGill
et al. [1982] and McLean et al. [1996] pointed out that a voltage gradient is set up in the tissue
by the flow of the stimulation current, with equipotential lines occurring perpendicular to the
direction of current flow.
Figure 7.2: Schematic representation of current flow between stimulating electrodes.
This voltage gradient would cause a potential difference between the recording electrodes
(shown in the figure), which is seen as a stimulation artefact at the output of the amplifier. They
went on to say that, by increasing the distance between the stimulating and recording electrodes
(i.e. by moving the stimulating electrodes further apart while keeping the recording dipole
length fixed), the effect is greatly reduced. This is caused by the voltage gradient decreasing
due to the rapid attenuation of the stimulation current density, as one moves away from the
stimulation site.
However, this was not the case for our study, where the recording electrodes would always
be placed in close proximity to the stimulating electrodes. Kornfield et al. [1985] also inves-
tigated the cancellation of the stimulation artefact by positioning the stimulating electrodes in
such a way so that the recording electrodes lay on equipotential lines. Although this method is
effective, it is not always practical, as tissue is a non-homogeneous medium, implying that the
current flow lines would not be uniformly distributed as in the figure.
It stands to reason that the voltage gradient would be present only when a current was
flowing through the tissue. In an ideal case this would be restricted to the duration of the stim-
ulation pulse. Between pulses, there would be no current flowing, and the blanking capability
of the amplifier would prevent the appearance of stimulation artefact, caused by the stimulation
current. Figure 7.1(a) shows this was not the case. To understand the origin of this stimulation
artefact we had to consider the Stimulator-Body-Amplifier system unique to our setup.
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In Chapter 5 the output stage of the Biphasic stimulator was shown to include a blocking
capacitor, Cb and a discharge resistor, Rd (refer to figure 5.4). Figure 7.3 shows the Stimulator-
Body-Amplifier system, with the location of Cb and Rd explicitly shown.
Figure 7.3: Path of the discharge current in the Stimulator-Body-Amplifier system.
The purpose for including Cb was to ensure that under fault conditions a DC current would
not be passed through the subject. The resistor,Rd, was included as a discharge pathway for the
blocking capacitor, as in practice the Biphasic stimulator would not have exactly equal charge
in the two phases. In Section 5.6.1, it was shown that a non-zero voltage was measured across
the blocking capacitor, between stimulation pulses. This would in turn cause a non-zero average
discharge current to flow through Rd between pulses, thereby setting up a voltage gradient in
the tissue.
A number of experiments were carried out to show the voltage gradient principle and its
influence on stimulation artefact.
7.2.1 Electrode orientation and stimulation artefact polarity
Method
The stimulating and recording electrodes were placed on Rectus femoris (RF), with the refer-
ence electrode on the knee. The stimulation artefact was then recorded for different orientations
of both types of electrodes, without any changes to the stimulation intensity. The results are
shown in figures 7.4 and 7.5; the stimulation settings used are indicated in the table between the
two figures.
Results
Reversing the position of the anodal and cathodal stimulating electrodes showed a correspond-
ing reversal in the polarity of the stimulation artefact (refer to figure 7.4). A similar reversal
result was seen when the positions of the stimulating electrodes were kept constant, but the
positions of the recording electrodes were reversed (refer to figure 7.5).
Discussion
This agrees with the voltage gradient hypothesis, as the voltage would be greatest close to
the anode, and smallest close to the cathode. By switching the positions of the stimulating
electrodes, while keeping the positions of the recording electrodes the same, the direction of
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(a) Position 1.
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(b) Measured EMG signal. (c) Position 2.
Figure 7.4: Influence of stimulating electrode orientation on polarity of the stimulation artefact.
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 100 16
EMG amplifier: 1 2 (RF) 3
Gain -
77dB
-
(7049×)
(a) Position 1.
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(b) Measured EMG signal. (c) Position 3.
Figure 7.5: Influence of recording electrode orientation on polarity of the stimulation artefact.
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the voltage gradient would be reversed, resulting in the reversal of stimulation artefact polarity.
Similarly, when reversing the positions of the recording electrodes, the potential difference
between the electrodes was reversed, as the direction of the voltage gradient in the tissue had
remained unchanged.
7.2.2 Longitudinal versus transverse placement of recording electrodes
Method
The effect on the stimulation artefact, of placing the recording electrodes in either a transverse
or longitudinal orientation, was then investigated. For this experiment the reference electrode
was always placed on the knee. Figure 7.6(a) shows the initial electrode positions used, in which
recording electrodes were placed longitudinally on both RF and Vastus medialis (VM). On RF,
there were two sets of recording electrodes, placed adjacent to one another.
Results
Figure 7.6(b) shows the voluntary EMG signals measured, with the two RF signals overlapping.
Although the two signals are not identical, they are highly correlated when the detecting dipoles
are so close together.
The muscle was then stimulated, using the stimulation settings given in the table above the
figures; initially the PWr setting was 102%. The signals measured at the output of the EMG
amplifiers are shown in figure 7.6(c). Stimulation artefact was seen to be present on all three
traces. The amplitude of the artefact spike can be read from the figure, to be approximately
3V, 5V and 6V for the VM longitudinal, RF longitudinal 1 and RF longitudinal 2 recording
electrodes respectively.
The PWr setting was then adjusted to 69.3% (figure 7.6(d)). At this setting the stimulation
artefact was virtually eliminated from all three EMG signals. The mechanism behind this is
further discussed in Section 7.3.
Method
The orientation of one of the RF electrode sets and the VM electrode set was then changed
from being longitudinal to transverse, as indicated in figure 7.6(e). The position of the reference
electrode, the stimulation settings and the gain settings of the EMG amplifiers were all kept the
same as before.
Results
The voluntary EMG was again measured, with the measurement from the two RF recording
electrode sets overlapping. The results are shown in figure 7.6(f). The two EMG signals are
no longer as highly correlated as seen previously. This is most likely due to the change in the
pickup area beneath the RF transverse recording electrodes. Nonetheless, the two signals are
not entirely dissimilar.
7.2.
Voltage
gradient
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T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 Varied 18
EMG amplifier: 1 (VMlong & trans) 2 (RFlong1) 3 (RFlong2 & trans)
Gain
84dB 78dB 77dB
(15061×) (7868×) (7072×)
(a) Electrode positions. (b) Voluntary EMG. (c) PWr = 102%. (d) PWr = 69.3%.
(e) Electrode positions. (f) Voluntary EMG. (g) PWr = 102%. (h) PWr = 68.3%.
Figure 7.6: Comparison of EMG measurements with longitudinal and transverse placement of recording electrodes.
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Figure 7.6(g) shows the EMG signals measured when the stimulator was turned on with a
PWr setting of 102%. The amplitude of the stimulation artefact on the VM transverse signal
was roughly the same as before, at around 3V, although the polarity was reversed. The RF lon-
gitudinal 1 electrode set also showed a similar stimulation artefact. However, the stimulation
artefact was completely eliminated from the RF transverse electrode set. A further change in the
PWr setting to 68.3% eliminated the stimulation artefact in the VM transverse and RF longitu-
dinal electrode sets, but had no effect on the RF transverse measurement (refer to figure 7.6(h)).
Discussion
Consider the difference seen in the amplitude of the stimulation artefact, as measured with the
three different recording electrode sets (refer to figure 7.6(c)). Even after taking the gain set-
tings of the individual amplifiers into account (refer to the table above the figures) the potential
difference at the amplifier input of the VM longitudinal recording electrodes is much smaller
than that seen by the RF longitudinal electrode sets.
Scott et al. [1997] and Kornfield et al. [1985] both showed that placing the recording elec-
trodes on equipotential lines would help to reduce the stimulation artefact. Inspection of fig-
ure 7.2 shows that the VM longitudinal electrode set is more closely aligned with an equipoten-
tial line than the two RF longitudinal electrode sets. This would result in a smaller stimulation
artefact.
From all the results shown in figure 7.6, it can be seen that the presence of the stimulation
artefact is dependent on the orientation of the recording electrodes with respect to the voltage
gradients set up by the currents flowing through the tissue. If the electrodes can be placed on the
same equipotential line it is possible to completely eliminate the stimulation artefact, however,
the positions of the equipotential lines are unpredictable. As mentioned previously, the tissue is
a non-homogenous medium, which does not result in the uniform distribution of the current flow
and equipotential lines of figure 7.2. This is further confounded by the fact that the shape of the
electric field in the tissue is frequency dependent and tends to shift slightly during a stimulation
pulse [McGill et al., 1982; McLean et al., 1996]. Lastly, the electrode orientation is normally
determined by other factors. In this study the orientation of the recording electrodes followed
the recommendations of the SENIAM project (Surface Electromyography for the Non-Invasive
Assessment of Muscles) [Hermens et al., 1999], namely that the electrodes are placed parallel
to the muscle fibres, i.e. longitudinally.
7.3 Electrode-skin interface
Thus far, the current path created by including the blocking capacitor and the discharge re-
sistor in the stimulator output stage, was considered. However, this is not the entire picture.
The interface between the stimulating electrodes and the skin surface also needs to be consid-
ered. Figure 7.7 shows a three component model that has been extensively used in the literature
to represent biopotential electrodes [Dorgan and Reilly, 1999; McGill et al., 1982; Neumann,
2000; Reichel et al., 2001; Rosell et al., 1988; Webster et al., 2009].
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Figure 7.7: Equivalent circuit for a surface electrode.
According to Neumann [2000]:
• The parallel resistor and capacitor (Re and Ce) represent the “impedance associated with
the electrode-skin interface and the polarization at this interface.”
• The series resistance, Rs, represents the “resistance associated with the interfacial effects
and the resistance of the electrode materials themselves.”
Figure 7.8 shows the typical response of an electrode to a constant-current biphasic stim-
ulation pulse [Webster et al., 2009]. If the electrode-skin interface was purely capacitive and
the stimulator were an ideal biphasic current source, with equal charge in the two phases, then
the voltage across the electrode would be zero at the end of the stimulation pulse. However,
the presence of the shunt resistors, Re, causes some of the charge to be lost during the pulse.
This results in a residual charge and a voltage across the electrodes, at the end of the stimula-
tion pulse. By adjusting the pulse width ratio of the stimulation pulse, the charge in the second
phase is reduced. It is theoretically possible to find a PWr setting such that the voltage across
the electrodes at the end of the stimulation pulse will be zero [Reichel et al., 2001].
Figure 7.8: Electrode current and voltage waveforms for a biphasic stimulation pulse.
The system used by Reichel et al. [2001] was analysed by means of the linear component
surface electrode model of figure 7.7, to represent both the anode and the cathode together.
No other components were included in the model. In so doing they were able to express the
relationship between the pulse width, PWp, and the pulse width ratio, PWr, as in equation 7.1.
The time constant, τ , resulted from the three-component model.
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PWr =
τ
PWp
ln
(
2− expPWpτ
)
(7.1)
If we now include the model for the stimulating electrodes in the Stimulator-Body-
Amplifier system (refer to figure 7.3), we obtain the equivalent circuit diagram of figure 7.9.
Figure 7.9: The Stimulator-Body-Amplifier system.
Neumann [2000] discussed the effect of the electrode properties (surface area, polarisation,
surface roughness, radius of curvature and surface contamination) on the electrode impedance.
As it is unlikely for all of these properties to be identical for both the anode and the cathode,
the two electrodes were modelled separately. According to McGill et al. [1982] the tissue of the
limb can be modelled as a resistive volume conductor. The series resistance Rleg represents the
combination of the volume conductor resistance and the series resistance of the two electrodes.
During a stimulation pulse, the stimulation current flows through the blocking capacitor,
the electrodes and the tissue. At the end of the stimulation pulse, the residual voltage across
all three capacitors, will discharge through Rd, which in turn causes a current to flow through
Rleg. This discharge current causes a potential difference across the recording electrodes, which
is seen as a stimulation artefact at the amplifier output that consists of three superimposed time
constants.
The stimulation artefact seen thus far (refer to figures 7.4 and 7.5), had a time constant of
around 10ms. A PSPICE model was used to investigate whether the electrode-skin interface
caused the observed time constant. The simulation model and results are discussed next. In
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the rest of this section various experiments are presented. Firstly, the inter-electrode voltage
and the influence of the PWr setting thereupon, was measured. Secondly, the influence of the
current density and the electrode properties on the stimulation artefact was investigated. Lastly,
the relationship between the PWr setting and the stimulation intensity was characterised.
7.3.1 PSPICE model of the Stimulator-Body-Amplifier system
Method
A PSPICE simulation of the Stimulator-Body-Amplifier system was produced. The component
values of the electrode-skin interface were approximated using the results of Perkins [2004]
where the Re and Ce values, of surface electrodes placed on the Gastrocnemius muscle of ten
subjects, were experimentally measured. It was found that the values were dependent on the
size of the electrodes used. For 5cm, 7cm and 8×13cm electrodes the values ranged from
1.3kΩ to 1.7kΩ for Re and 64nF to 334nF for Ce. The value of Rleg was taken as 1kΩ, as used
previously in Chapter 5, which was also based on the measurements of Perkins [2004]. The
values of Rd and Cb were set to be the same as those used in the Biphasic stimulator, 33kΩ and
5µF respectively. The circuit schematic, used in the simulation, is shown in figure 7.10.
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Figure 7.10: PSPICE simulation of the electrode-skin interface.
Results
The voltage across the anode-first electrode (parallel combination of Re anode and Ce anode),
the cathode-first electrode (parallel combination of Re cathode and Ce cathode) and the blocking
capacitor, Cb, were found immediately after a stimulation pulse, over a range of pulse width
ratio, PWr, settings. The results are shown in figure 7.11(a). The residual voltage, Vres, was
calculated as in equation 7.2.
Vres = Vanode + Vcathode + VCb (7.2)
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Figure 7.11(a), was used to find the PWr settings at which each of the four voltages
crossed the 0V line. For each of these PWr settings, the discharge current, immediately after
the negative phase of the stimulation pulse came to an end, was found. The current waveforms
are shown in figure 7.11(b).
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Figure 7.11: PSPICE simulation of the residual charge present at the electrode-skin interface.
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Discussion
For the residual voltage to be zero, we require that PWr < 100%, and therefore PWn < PWp.
This agrees with our expectations, as the presence of the shunt resistors, Re, causes some of the
charge to be lost during the positive phase of the stimulation pulse. Consequently, less charge
is required during the negative phase of the pulse, to ensure that there is no residual charge left
at the electrode-skin interface after the stimulation pulse.
However, it is improbable that the Re and Ce values of both the anode and the cathode
would be identical. This can be explained by remembering that the electrode impedance was
dependent on the various properties of the electrodes [Neumann, 2000]. Such a mismatch in
component values would cause Vanode and Vcathode to be different for a given PWr setting.
Figure 7.11(a) showed this to be exactly the case. Altering the PWr does not change both
electrode voltages to zero volts together. Instead, a PWr setting must be found such that the
sum of the voltages, Vres, is zero.
The discharge current, when Vres = 0V, is seen to produce a wave (refer to fig-
ure 7.11(b)). This wave can potentially be mistaken for an action potential (AP). However,
with the Stimulator-Body-Amplifier system discussed here, the wave lasts ∼ 2ms, due to the
short time constants of the electrodes. Typically the blanking interval was around 3ms (refer to
figure 7.1), which means that the wave-like response of the discharge current would have died
away by the time the blanking interval comes to an end, thereby ensuring that the wave would
not be mistaken for an M-wave.
The short time constants associated with the discharge current (less than 1ms as seen in
figure 7.11(b)) do not explain the much longer time constant associated with the stimulation
artefact (∼ 10ms, refer to figure 7.1). Nonetheless, the residual voltage does play a part in
generating a stimulation artefact, which can be eliminated by adjusting the PWr setting to
influence the discharge current.
The simulation model can be expanded to include the recording electrodes, which can also
be represented with the three-component model of figure 7.7. In so doing, the only difference
found with the simulation was that the PWr setting, required for Vres to be zero, was slightly
less. Details of this PSPICE simulation have been included in Section E.3 of the Appendix.
A limitation of the PSPICE simulations is that a simplified electrode model was used, in
which all of the components were linear. In practice the situation is far more complicated as an
electrode-electrolyte interface is actually a nonlinear system [Dymond, 1976]. Neumann [2000]
suggested that the electrode impedance is frequency dependent, while Dorgan and Reilly [1999]
successfully modelled the electrode response by using a nonlinear, time dependent resistor for
Re. Dymond [1976] and McGill et al. [1982] discussed the dependence of the nonlinearity of
Re on the current density conducted by the electrodes. These nonlinearities would result in
artefacts with quite complicated shapes.
At the time that the Stimulator-Body-Amplifier system was being tested, the various causes
of the stimulation artefact were not understood. Consequently a number of experiments were
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carried out to investigate the influence of the PWr setting, stimulation parameters and electrode
properties on both the stimulation artefact and EMG measurements. The remainder of this
section presents these experiments as they either explicitly show the influence the PWr setting
has on stimulation artefact, or, can be related to one of the component voltages (Vanode, Vcathode
and VCb), that comprise the residual voltage, Vres. The results of these experiments lead to the
conclusion that the electrode-skin interface was one of the causes for the observed stimulation
artefact.
7.3.2 Inter-electrode voltage
Aim
It is not possible to measure Vanode and Vcathode directly, as part of the electrode-skin interface
comprises the tissue of the leg. However, the so-called inter-electrode voltage, Vac (voltage
between nodes a and c in figure 7.9), can be measured by connecting an oscilloscope probe
across both stimulating electrodes and the tissue resistance (Rleg). Changes in this voltage
measurement corresponding with different PWr settings, and the influence the latter had on
stimulation artefact and M-wave measurements, were considered.
Methods
The electrodes were placed on the Quadriceps, as in position 1 of figure 7.4(a). The stimulator
and amplifier settings used are shown in the table above figure 7.12.
During stimulation, an oscilloscope probe was connected to measure Vac. No difference
was seen in the measurements when using either a single-ended oscilloscope probe (thereby
earthing the subject) or when using a differential probe (thereby retaining isolation from earth).
Results
Figure 7.12(a) shows Vac at different PWr settings. The timing with a stimulation pulse is
explicitly shown. For a PWr setting of 100%, Vac has a voltage well below 0V at the end of the
pulse. By reducing the PWr setting to 64.5%, Vac returned to 0V immediately after the pulse.
Close inspection of the figure shows that further reduction of the PWr setting to 56% caused
Vac to increase above 0V immediately after the pulse. A further decrease in the PWr setting
would have shown a further increase in Vac.
Figure 7.12(b) shows the corresponding EMG measurements captured with the Blanking
amplifier. Initially, with a PWr setting of 100%, the M-wave was completely obscured by
the stimulation artefact. By decreasing the PWr setting to 64.5%, the stimulation artefact was
completely removed and the M-wave was clearly visible. Further reducing the PWr to 56%,
resulted in the stimulation artefact reappearing, however its polarity was now reversed.
Discussion
Initially the stimulation current placed charge on the various capacitors of the Stimulator-Body-
Amplifier system. At the end of the stimulation pulse, a residual amount of charge remained.
This charge slowly dissipates, causing the discharge current to flow through Rleg, resulting
in the amplifier measuring a potential difference that is seen as the stimulation artefact. By
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T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 Varied 30
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(b) Influence of the PWr setting on the polarity of the stimulation artefact.
Figure 7.12: Inter-electrode voltage, Vac and EMG measurements.
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adjusting the pulse width ratio, and thereby changing the amount of charge injected into the
capacitors, we were able to find a setting at which there was no residual charge at the end of the
stimulation pulse. Consequently no discharge current flowed which meant that no stimulation
artefact was measured.
By further decreasing the pulse width ratio, an imbalance was introduced into the system.
However, this time, instead of negative phase removing more charge from the system than what
was introduced during the positive phase, the reverse was true in which less charge was removed
during the negative phase than what was introduced during the positive phase. This resulted in
the direction of the discharge current being reversed, which in turn would reverse the polarity of
the potential difference seen by the amplifier and hence reverse the polarity of the stimulation
artefact. There was however no reversal in the polarity of the M-wave as the direction in which
the stimulation current flowed, remained the same.
7.3.3 Stimulation artefact and current density
Aim
Unlike Vanode and Vcathode, it was possible to measure the last component of the residual volt-
age, VCb, directly, using an oscilloscope. This voltage was measured simultaneously with the
amplifier output to investigate if VCb was related to the stimulation artefact.
Method
A set of stimulating and recording electrodes were placed on Biceps brachii; reference electrode
placed on the elbow. The voltage across the blocking capacitor, Cb, was measured for a range
of stimulation current amplitude settings (0mA, 0.7mA, 2.5mA, 5mA, 7.5mA, 10mA, 12.5mA
and 15mA). The EMG amplifier output waveform was also captured. The electrode positions
used, and the stimulator and amplifier settings, have been included with figure 7.13.
Results
The top trace of Fig 7.13(b) shows the baseline of the voltage measured across the blocking
capacitor, Cb. The bottom trace shows the EMG amplifier output waveform. The maximum
and minimum stimulation current amplitude settings used have been indicated on the figure.
Immediately after the stimulation pulse, the Cb voltage overshoots the baseline voltage
with a spike, followed by an exponential decay. The amplitude of the spike is dependent on the
current setting, and is seen to increase as the current amplitude increases. The time constant of
the exponential decays were calculated (refer to Section E.1) and found to be 3.2ms. This value
remained constant regardless of current amplitude. The same trend is seen in the stimulation
artefact present in the EMG signal (lower trace). The time constant of the stimulation artefacts,
measured at 3.6ms, also stayed the same regardless of current amplitude.
Discussion
The overshoot past the baseline, seen in the Cb voltage, is a measurement of the residual charge
present on the charge balancing capacitor at the end of a stimulation pulse. The greater the
residual charge, the greater the Cb voltage, the larger the amplitude of the stimulation artefact.
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T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 5000 200 100 Varied
(a) Electrode positions. (b) Stimulation current amplitude influence on stimula-
tion artefact.
Figure 7.13: Cb voltage (top trace) compared against EMG output waveform (lower trace) -
current density.
However, opposite to the observations of Dymond [1976] and McGill et al. [1982], in
which the value of Re in the electrode model was considered to have a nonlinear dependence
on the current density, these results showed a linear relation between the stimulation artefact
and current density. The greater the current amplitude, the higher the current density and the
greater the amplitude of the stimulation artefact.
7.3.4 Stimulation artefact and electrode properties
Aim
As a correlation had been seen between VCb and the stimulation artefact when increasing the
stimulation intensity, it was then investigated whether the electrode properties not only influ-
enced the shape of the stimulation artefact, but whether corresponding changes would be seen
in VCb.
Method
Once again the blocking capacitor voltage and the EMG amplifier output were measured, this
time in response to changes in the properties of the stimulating electrodes. An initial set of
measurements were captured. The electrode properties were then altered by abrading the skin
under the electrodes with sandpaper and cleaning with alcohol. The electrodes were replaced
and the measurements repeated. The electrode positions used, and the stimulator and amplifier
settings, have been included with figure 7.14.
Results
As before, the top trace in figure 7.14(b) shows the voltage measured across Cb, while the
bottom trace shows the EMG amplifier output waveform. A change was seen in the amplitude
and time constant of both traces, before and after the skin preparation used to alter the electrode
properties. (The change in amplitude of the stimulation artefact would have been more evident
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T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 100 20
(a) Electrode positions. (b) Influence of changes in electrode properties, through
skin preparation, on stimulation artefact.
Figure 7.14: Cb voltage (top trace) compared with EMG output waveform (lower trace) - elec-
trode properties.
if the two traces had been aligned so that the baseline voltages, prior to the stimulation pulse,
had overlapped, as opposed to the blanking interval voltage levels overlapping as shown in the
figure.) The time constants for both traces were calculated and have been indicated in the figure.
Discussion
By preparing the skin, the electrode properties and hence the values of the capacitance and
resistance of the skin-electrode interface would have changed. However, the difference in time
constants, before and after skin preparation, did not appear to be significant (No change in Cb
voltage; EMG amplifier output 3.6ms prior to skin preparation, and 3.5ms after). This can be
attributed to the fact that the exponential decay of the stimulation artefact consists of a number
of superimposed time constants [Scott et al., 1997]. Furthermore, the time constants associated
with the skin-electrode interface are inherently short, which makes it particularly difficult to
measure changes in their values.
Nonetheless, there is a very evident change in the stimulation artefact after preparing the
skin and thereby slightly altering the electrode properties, that corresponded with a change seen
in the voltage measured across Cb.
7.3.5 Pulse width ratio and stimulation parameters
The muscle response is dependent on three stimulation parameters, namely, the period, the
current amplitude and the pulse width. During the various measurements discussed in this
chapter, no dependence was ever seen between the stimulation artefact and the stimulation
period. However, the current amplitude and the pulse width were both seen to influence the
amplitude of the stimulation artefact. As a result, the pulse width ratio setting required to
eliminate the stimulation artefact was dependent on the current and pulse width settings. These
two dependencies were independently investigated.
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Influence of current amplitude on the PWr setting required to eliminate stimulation
artefact
The stimulating and recording electrodes were placed on Vastus medialis (VM), using the same
setup shown in figure 7.15(a). The current amplitude was increased in 5mA intervals from
10mA up to 35mA; the other relevant stimulator and amplifier settings are summarised in the
table next to the electrode position figure.
Figure 7.15(b) shows the M-waves measured in VM, over the range of current values,
along with the corresponding PWr settings. As the current amplitude increased, more of the
muscle fibres in VM would have been recruited, causing a stronger contraction, as indicated by
the increasing peak-to-peak amplitude of the M-waves. The peaks of the M-wave, recorded at
25mA, were clipped. This was rectified for the higher current amplitudes by changing the gain
of the amplifier from 78dB to 65dB (as indicated in the stimulation setting table).
As the current amplitude increased, it was necessary to decrease the PWr setting, to ensure
that the stimulation artefact was eliminated. Earlier it was seen that an increase in the current
(a) Electrode positions.
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Figure 7.15: Adjustment of PWr setting as current intensity increases.
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amplitude caused a corresponding increase in the amplitude of the stimulation artefact (refer to
figure 7.13(b)). As the current amplitude increases, the residual charge distributed across the
interface capacitance and the blocking capacitor at the end of the stimulation pulse, becomes
greater. This in turn results in a larger discharge current flowing between stimulation pulses,
which in turn causes a larger potential difference across the recording electrodes and hence an
increase in the amplitude of the stimulation artefact.
Influence of pulse width on the PWr setting required to eliminate stimulation artefact
Recall that during the Bi-moment chair study, the stimulation intensity was determined by the
recruitment curve protocol, refer to Section 4.2.2. As a brief reminder, the protocol consisted of
nine bursts of stimulation, each burst increasing in stimulation intensity. This was achieved by
holding the current amplitude constant and varying the pulse width.
It was decided to experimentally investigate the relationship predicted by Reichel et al.
[2001] at the various pulse width increments defined by the recruitment curve protocol. To this
end a set of stimulating and recording electrodes were placed on Rectus femoris (RF), using the
same electrode setup shown in figure 7.4(a), with the reference electrode placed on the knee.
The stimulation settings used are shown in the table above figure 7.16.
Measurements were carried out for two different values of the maximum possible pulse
width, PWp-max (i.e. the PWp setting used for the ninth stimulation burst of the recruitment
curve stimulation protocol). Two values were investigated as both were used in the study dis-
cussed in Chapter 8. This meant that measurements were taken for pulse widths ranging from
40µs up till 200µs (in 20µs increments) and again from 80µs up till 400µs (in 40µs increments).
At each of these pulse widths, the PWr setting was adjusted so that the stimulation artefact was
eliminated.
Figure 7.16 shows the measured results (solid lines) compared with the theoretical results
(dashed lines) found using Reichel’s equation 7.1. For a PWp-max value of 200µs, the mea-
surements were repeated over a range of current amplitudes. These measurements were taken
over a number of days. One set of measurements was taken for a PWp-max value of 400µs.
Clearly the experimental and theoretical curves do not correlate well. However this is not
unexpected if we consider the fact that the model used by Reichel et al. [2001] consisted of only
linear components, while the practical system is known to exhibit non-linear behaviour [Dorgan
and Reilly, 1999; Dymond, 1976; McGill et al., 1982; Neumann, 2000]. Consequently the time
constant appears to change for the experimental curves, presumably as the voltage across the
electrode-skin interface changes.
What was evident from the results was the fact that the PWr setting would need to be
adjusted during the recruitment curve stimulation protocol, if we hoped to eliminate stimulation
artefact in all nine bursts of stimulation. During the study it was not practical to measure the
required PWr setting for each stimulation burst, as this would be time consuming and would
cause a lot of fatigue in a subject’s Quadriceps even before starting the actual test. Instead, when
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Figure 7.16: Theoretical and measured PWr setting as a function of pulse width.
a subject was to be stimulated using the recruitment curve protocol, their maximum tolerable
current was first found during continuous stimulation at PWp-max. The PWr setting required
to eliminate the stimulation artefact under these conditions was then found, and noted down as
PWr-min. These two values were then used to calculate the PWr setting required at the lower
pulse width settings.
This lead to the use of a simple approximation to describe the relationship between PWp
and PWr, by fitting straight lines to the measured data, as shown in figure 7.16. The derivation
of equations 7.3 and 7.4 has been included in Appendix E, Section E.2. For a PWp-max ≤
200µs, the following relationship was found:
PWr = PWr-min + 0.2 (PWp-max − PWp) (7.3)
For a PWp-max > 200µs two curves were fit to the data, as described by equation 7.4.
PWr =
{
PWr-240 + 0.2 (240− PWp) ; PWp < 240
PWr-min + 0.03 (PWp-max − PWp) ; PWp ≥ 240
PWr-240 = PWr-min + 0.03 (PWp-max − 240)
(7.4)
Equations 7.3 and 7.4 were written into the microcontroller code of the Biphasic stimulator.
Consequently the same relationship was used to calculate the PWr settings for all subjects.
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7.4 Common mode voltage
Figure 7.17 shows a schematic representation of the superimposed layout of the three major
electrode positions (introduced in Section 4.2.1), Standard, Rectus and Vastii, as well as the
positions of the recording electrodes. The orientation of the electrodes shown in the figure was
that used for all of the experiments discussed in this section.
Figure 7.17: Proximity of recording electrodes to the stimulating electrodes, for the three major
electrode positions.
The recording electrodes were placed on the belly of the muscle, generally found to be the
midpoint between the stimulating electrodes used for the Rectus and Vastii positions. As the
recording electrode placement was kept the same for all three major positions it resulted in the
situation shown in the figure, where the Rectus femoris (RF) and Vatus lateralis (VL) recording
electrodes were positioned exceptionally close to the cathode-first electrode for the Standard
position.
While stimulating with the Rectus and Vastii positions, it was generally possible to elimi-
nate the stimulation artefact using pulse width ratio adjustment. However, this was not the case
when using the Standard position. Figure 7.18 shows the EMG measurements obtained for all
three superficial muscles of the Quadriceps, using the Standard position and the stimulation set-
tings indicated in the table above the figure. The PWr setting was varied from 102% down to
1.5%. This had an influence on the stimulation artefact present in the EMG signal measured in
Vastus medialis (VM), but had no effect on the stimulation artefact present in the EMG signals
measured in RF or VL. This implied that when stimulating with the Standard position there
was another cause behind the stimulation artefact, other than the flow of a discharge current, as
discussed previously.
Initial experiments were performed, as discussed next, which indicated that in this case the
stimulation artefact was being caused by the common mode input voltage of the EMG amplifiers
being exceeded.
7.4. Common mode voltage 187
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 1000 200 Varied 50
Stimulating electrode position: Standard
EMG amplifier: 1 (VM) 2 (RF) 3 (VL)
Gain
78dB 65dB 69dB
(8188×) (1832×) (2676×)
Reference electrode position: Knee
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Figure 7.18: EMG measurements in the Quadriceps using the Standard electrode setup, for a
range of PWr settings, reference electrode knee.
7.4.1 Initial investigation
Method
For the Rectus position, one EMG amplifier was connected differentially to the recording elec-
trodes on RF. From this the amplifier output could be measured in response to a differential
mode input. Both inputs of a second EMG amplifier were connected to a single recording
electrode on RF to obtain the amplifier output in response to a common mode input.
Results
Figure 7.19 shows the output signals measured by the two EMG amplifiers, for the stimula-
tion settings indicated in the table above the figure. The differential mode measurement shows
a stimulation artefact, which it was possible to eliminate using pulse width ratio adjustment.
However, no stimulation artefact was detected on the common mode input measurement, re-
gardless of the PWr setting.
Method
The same measurements were repeated with the Standard position, as shown in figure 7.20. The
stimulator and amplifier settings used have been included in the table above the figure.
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Figure 7.19: Differential and common mode EMG measurements for RF,
with the Rectus setup, reference electrode knee.
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 15.1 -
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Figure 7.20: Differential and common mode EMG measurements for RF,
with the Standard setup, reference electrode knee.
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Results
A stimulation artefact was now present in both the differential mode and the common mode
measurements, which any changes in the PWr setting had no effect upon. This indicated that
the cause for the stimulation artefact was due to the common mode response of the amplifiers.
Discussion
The common mode voltage, Vcm, seen by the recording electrodes is defined as the voltage
difference between these two electrodes and the reference electrode. Consider the fact that the
two stimulating electrodes form a dipole, a simplified two-dimensional interpretation is shown
in figure 7.21, for both the Rectus and Standard positions. The voltage gradient between the
anode and the cathode depends on the voltage difference, and, the separation distance, between
the stimulating electrodes. A second voltage gradient exists between the distal stimulating
electrode and the reference electrode, due to the strength of the electric field diminishing as one
moves away from the dipole.
Figure 7.21: Voltage gradients for the Rectus and Standard electrode positions.
The figure was drawn using the following guidelines:
• The position of the reference electrode and recording electrodes was fixed. Consequently
the separation distance between these electrodes was the same for both the Rectus and
Standard positions.
• The position of the stimulating electrodes was varied. Consequently, the separation dis-
tance between the stimulating electrodes was less with the Rectus position than with the
Standard position.
• For the Rectus position the recording electrodes were roughly in the middle of the two
stimulating electrodes.
• For the Standard position the recording electrodes were positioned closer to the proximal
stimulating electrode.
• The voltage difference between the stimulating electrodes was the same, regardless of
which major position was used. (Note: This implies a constant voltage stimulator, while
the Bi-phasic stimulator is constant current. However, for the same current to flow, the
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difference in separation distance between the stimulating electrodes for the Rectus and
Standard positions would result in a larger voltage for the latter. This would further
exaggerate the effect seen here.)
All of these factors resulted in a larger common mode voltage seen by the recording elec-
trodes for the Standard position, as compared with that seen by the recording electrodes for the
Rectus position.
In Section 6.5.3 (Common input voltage), the transient response of the amplifier, due to a
common input voltage was measured. Figure 6.32(a) shows the EMG amplifier output wave-
form, in response to an input voltage of 2.313V, which looks remarkably similar to the stimu-
lation artefact seen in figure 7.20. In Section 7.4.3 it is shown how the common input voltage
with the Standard setup can be greater than 5V, which is well above the 2.313V that was known
to produce a transient response in the amplifier.
The rest of this section discusses two methods that were investigated as a means to elimi-
nate the stimulation artefact due to excessive common mode voltage.
7.4.2 Positioning of the reference electrode
So far, the common mode voltage, Vcm, has been considered when placing the reference elec-
trode on the knee, which is effectively placing it at one end of the dipole. Instead, by placing
the reference electrode in the centre of the dipole, Vcm would be reduced, see figure 7.22(a).
It is generally accepted when recording EMG, that the reference electrode be placed on
electrically inactive tissue. Basmajian and De Luca [1985] explicitly said that a reference elec-
trode should be “...located in an environment which is either electrically quiet or contains elec-
trical signals which are unrelated to those being detected...” where the term unrelated was
defined as “...the two signals having minimal physiological and anatomical association...”
It was decided to place the reference electrode on the posterior thigh, as shown in fig-
ure 7.22(b), based on the assumption that the Gluteals and Hamstrings of the posterior leg would
be inert during stimulation of the Quadriceps.
(a) Influence on CM voltage. (b) Positioning of reference electrode.
Figure 7.22: Using the reference electrode position to reduce common mode voltage for the
Standard electrode setup.
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Method
The common mode and differential mode measurements, discussed in Section 7.4.1, were re-
peated for the Standard position, with the reference electrode now placed on the posterior thigh.
Results
Figure 7.23 shows the EMG amplifier outputs captured with the recording electrodes on VL.
Previously, with the reference electrode placed on the knee, the EMG amplifier output had
shown stimulation artefacts for both the common mode and differential mode (similar to that
shown in figure 7.20). Simply by moving the position of the reference electrode, not only was
the stimulation artefact in the common mode signal eliminated, but an M-wave was detected in
the differential mode signal.
Method
Keeping the reference electrode on the posterior thigh, the EMG measurements in all three
Quadriceps muscles, were again measured over a range of PWr settings.
Results
By comparing figure 7.24, reference electrode on the posterior thigh, against figure 7.18, ref-
erence electrode on the knee, we see that for the former case, the PWr setting influences the
presence of the stimulation artefact, not only in the EMG signal from VM, but also those cap-
tured for RF and VL.
Roughly in the middle of the PWr range (60ms in figure 7.24), the stimulation artefact
was completely removed for both RF and VL. Adjusting the PWr setting above and below this
point caused the polarity of the stimulation artefact to reverse, exactly as shown in Section 7.3.2
when the presence of the stimulation artefact was attributable to residual charge.
Discussion
The shape of the M-wave detected in VM was virtually identical for both positions of the ref-
erence electrode (compare figures 7.18 and 7.24). The difference in M-wave amplitude is at-
tributed to the use of a 50mA stimulation current for the former, while only 30mA was used
for the latter. This helped to justify the use of the posterior thigh as a reference electrode, even
though it is not conventional to do this. Further support for this method is presented in Sec-
tion 8.3.1 (Position of the reference electrode), where the results of the study are used to look at
the influence, that the position of the reference electrode has, on M-wave measurements.
A shortcoming of the posterior thigh reference electrode placement, was the inability to
always remove the stimulation artefact from all three Quadriceps muscles simultaneously. Care-
ful inspection of the EMG signals shown in figure 7.24, for a PWr setting close to 100% (0ms
in the figure), shows that the stimulation artefact is completely absent from the EMG signal
captured for VM, while there is still significant stimulation artefact present in the EMG signals
of the other two Quadriceps muscles. For the PWr setting at which the stimulation artefact
in RF and VL (60ms in the figure) was eliminated, the M-wave detected in VM is starting to
distort due to stimulation artefact.
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T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 15.1 -
Stimulating electrode position: Standard
EMG amplifier: 1 2 3 (VLdm&cm)
Gain - -
78dB 54dB
(8220×) (522×)
Reference electrode position: Posterior thigh
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Figure 7.23: Differential and common mode EMG measurements for VL,
with the Standard setup, reference electrode posterior thigh.
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 200 Varied 30
Stimulating electrode position: Standard
EMG amplifier: 1 (VM) 2 (RF) 3 (VL)
Gain
78dB 65dB 69dB
(8188×) (1832×) (2676×)
Reference electrode position: Posterior thigh
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Figure 7.24: EMG measurements in the Quadriceps using the Standard elec-
trode setup, for a range of PWr settings, reference electrode on the posterior
thigh.
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The reason for this can be understood with reference to figure 7.22. By placing the ref-
erence electrode in the centre of the dipole, although Vcm was drastically reduced, it was not
completely eliminated. If however, the reference electrode had been placed directly beneath the
recording electrodes, a common mode voltage of 0V would have been achieved.
The dipole analogy is two dimensional, while the electric field setup in a subject’s leg is
three dimensional. Furthermore, the recording electrodes for RF and VL are situated on the
lateral side of the leg, while those for VM are on the medial side. Consequently, to reduce the
common mode voltage to near zero, as seen by the lateral side recording electrodes, the refer-
ence electrode would need to be placed on the medial side of the posterior thigh. Conversely,
the reference electrode would need to be on the lateral side of the posterior thigh to reduce the
common mode voltage seen by the medial recording electrodes to near zero. In both cases this
means that the placement of the reference electrode would force the common mode voltage of
one set of recording electrodes to near zero, but not for the other set, even though the common
mode voltage would be reduced from that seen with the reference electrode on the knee.
This could potentially result in stimulation artefact due to two possible mechanisms.
Firstly, if the common mode voltage was not sufficiently reduced, a stimulation artefact due
to common mode voltage would still be present at the output of the amplifier. Secondly, any
imbalance in the input impedance of the recording electrodes, in the presence of a common
mode voltage, could result in a differential mode signal at the amplifier input, which would be
seen as stimulation artefact in the output signal (as mentioned in Section 7.4.3, Discussion).
In practice the situation is further complicated by the inhomogeneity of the tissue resulting
in an electric field with field lines that are not uniformly distributed. This makes it difficult
to determine the required position for the reference electrode, to eliminate the common mode
voltage stimulation artefact in either the medial or lateral side recording electrodes, let alone
both simultaneously.
7.4.3 Limiting the common mode voltage at the EMG amplifier input
As placing the reference electrode on the posterior thigh was not an entirely satisfactory means
to eliminate stimulation artefact, it was decided to rather limit the common mode voltage at
the amplifier input, regardless of the reference electrode position. This was achieved through
the introduction of the clamping diodes at the input terminals of the current conveyor circuit
(refer to Section 6.2.2, Clamping diodes). Before the clamping diodes could be introduced it
was necessary to know the size of the common mode voltage, present at the amplifier input
terminals, that was causing the stimulation artefact. This was done by directly measuring Vcm.
Method
As before, the differential mode and common mode response of the amplifiers were measured,
while stimulating with the Standard position. In addition to these measurements, an oscillo-
scope probe was connected between one of the recording electrodes and the reference electrode,
thereby measuring Vcm.
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These measurements were captured for three different setups:
1. Reference electrode on knee, without clamping diodes.
2. Reference electrode on posterior thigh, without clamping diodes.
3. Reference electrode on knee after introduction of clamping diodes.
The stimulator and amplifier settings used are indicated in the table with figure 7.25.
Results
Figures 7.25(a) through 7.25(c) show the waveforms captured for each of the three experimental
setups. For each setup, three measurements were taken, namely:
1. EMG amplifier common mode (CM) response.
2. Potential difference between recording electrode and reference electrode (Vcm).
3. EMG amplifier differential mode (DM) response.
Figure 7.25(d) shows a magnified view of the Vcm measurements captured for each of the three
setups.
Figures 7.25(a) and 7.25(b) show similar CM and DM amplifier responses to those dis-
cussed previously (refer to figures 7.20 and 7.23). Stimulation artefact was seen in both the DM
and CM response, when the reference electrode was placed on the knee. Moving the reference
electrode to the posterior thigh, eliminated the CM response stimulation artefact. In addition to
this, we now see that with the reference electrode on the knee Vcm was measured at 5.68V. By
repositioning the reference electrode Vcm was reduced to 3.36V.
This lead to the conclusion that, if the common mode voltage is limited to at most 3V,
the common mode voltage induced stimulation artefact should be eliminated regardless of the
reference electrode position. The clamping diodes were therefore introduced, as discussed in
Section 6.2.2 (Clamping diodes), with a nominal limiting voltage of 2.1V.
The last trace in figure 7.25(d) shows the Vcm measurement after the inclusion of the
clamping diodes. The amplitude of Vcm was now measured at 2.96V, even with the reference
electrode moved back to the knee. Figure 7.25(c) shows that the CM response stimulation arte-
fact had also been eliminated. The increase in the amplitude of the DM response stimulation
artefact is attributed to the PWr setting of 100.8%, as opposed to the PWr setting of 61.4%
that was used for the measurements shown in figures 7.25(a) and 7.25(b).
Method
The stimulation current setting of 20mA, used in the previous experiment, was below threshold
voltage. Consequently no M-wave was present in the measurements. To investigate whether
the addition of the clamping diodes influenced the M-wave measurements, the amplitude of the
stimulation current was increased, the rest of the setup remained unchanged.
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(a) Reference electrode on knee, PWr = 61.4%. (b) Reference electrode on posterior thigh,
PWr = 61.4%.
(c) Reference electrode on knee, with clamping
diodes, PWr = 100.8%.
T (ms) PW (µs) PWr (%) Istim (mA)
Ch1 30 400 Varied 20
Stimulating electrode position: Standard
EMG amplifier: 1 (RFcm) 2 (RFdm) 3
Gain
63dB 73dB
-
(1443×) (4250×)
Reference electrode position: Knee or Posterior thigh
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(d) Magnified view of common mode voltage measured at recording electrodes.
Figure 7.25: Influence of reference electrode position and clamping diodes on common mode voltage at the recording electrodes.
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Results
For the top two traces in figure 7.26, the stimulation current was below threshold and no M-
wave could be detected. For a PWr setting of 42.9%, the stimulation artefact was present,
although the amplitude thereof was quite small. Further decreasing the PWr setting to 38.6%
reduced the initial spike of the stimulation artefact, but also introduced a wave-like response in
the EMG signal. The last trace in the figure shows the M-wave measured, after increasing the
stimulation current to 40mA. The peak-to-peak amplitude of the M-wave is somewhat distorted
by the presence of the wave-like response.
Discussion
Figure 7.27 shows the input stage of the preamplifiers, explicitly showing the clamping diodes
and the input filter (refer to figure 6.5). From this figure we can see that presence of the diodes
would have created a new discharge path for the residual charge present on the interface ca-
pacitance of the recording electrodes, (refer to Section E.3), which could lead to complicated
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Figure 7.26: PWr setting and M-wave measurement with clamping diodes.
Figure 7.27: Skin-electrode interface effect at the recording site.
7.5. Other causes of stimulation artefact 197
stimulation artefact shapes, a possible explanation for the wave-like response. However, no ad-
verse effects on the M-waves, captured during the Bi-moment chair study discussed in Chapter
8, were seen due to this response. Consequently it was not given any further consideration.
Another shortcoming of the clamping diodes that should be pointed out, regards the input
impedance of the EMG amplifiers, which is determined by the resistors and capacitors of the in-
put filter. Any mismatch in these components would cause a mismatch in the input impedances.
The presence of the clamping diodes could worsen this mismatch, which also serves as a source
of stimulation artefact due to common mode voltage. This was discussed by McGill et al. [1982]
who pointed out that the “common mode voltage present at the recording site is converted to
an artefact signal proportional in amplitude to the imbalance between the recording electrode
impedances.”
7.5 Other causes of stimulation artefact
The main causes of stimulation artefact in the Stimulator-Body-Amplifier system used have
already been presented. In this section, the blanking interval response is revisited and the rele-
vance of other causes of stimulation artefact, as discussed by McGill et al. [1982] and McLean
et al. [1996], are considered.
1. Blanking interval response
In Section 6.5.2, the blanking interval (BI) response was introduced. Referring back to
figure 6.28(b), we can see that the BI response could easily be mistaken for stimulation
artefact. However, as this response was also present in the absence of a stimulation pulse,
it was not classified as stimulation artefact. Section 6.5.2 discussed the need to keep
the BI voltage level centred, by adjusting the biasing potentiometer, to prevent the BI
response from occurring.
2. Shaping by the recording amplifier
McGill et al. [1982] said that the passage of the spike through the recording amplifier’s
high pass filter introduces a slow exponential tail into the signal. This was not considered
to be a main cause of stimulation artefact for the Blanking amplifier, although the high
pass input filter would possibly influence the time constant of the exponential decay of the
stimulation artefact. Possibly by changing the values of the components in the input filter
or by completely removing the filter, it might be possible to reduce the time constant. The
amplifier’s role in shaping of the stimulation artefact is further discussed in Section 7.6.
3. Displacement current travelling through the body tissue and via stray capacitance
to ground
According to McLean et al. [1996] the entire body will be capacitively coupled to ground
through a distributed capacitance over the entire length of the body through which some
of the stimulation current will flow (referred to as the displacement current). This mech-
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anism gave rise to stimulation artefact even when the recording electrodes were far re-
moved from the stimulation site. The effect was reduced by placing a ground electrode
between the recording and stimulating electrodes. For the setup considered here, where
the recording electrodes were placed between the stimulating electrodes, it was not possi-
ble to differentiate between the stimulation artefact arising from voltage gradients, caused
by the stimulation and discharge currents, from that due to the presence of displacement
currents.
4. Electromagnetic or capacitive coupling between the stimulating and recording leads
McLean et al. [1996] said that the coupling between the stimulating and recording leads
could cause stimulation artefact, especially if very high impedance recording electrodes
are used. The effect however is reduced by keeping the stimulating leads and recording
leads separate, as short as possible and using shielding. In the system presented in this
chapter, no thought was given to the placement of the leads while recording measure-
ments. However, during construction of the Blanking amplifier the preamplifier design
ensured that the recording electrode leads were as short as possible and that the cable
between the preamplifier unit and the amplifier box was shielded.
7.6 The final verdict on stimulation artefact
For the system consisting of the Biphasic stimulator, the Blanking amplifier and the limb being
stimulated, three main causes of stimulation artefact were identified, namely, voltage gradient,
electrode-skin interface and common mode voltage.
Current flowing through tissue from an anode to a cathode sets up a voltage gradient in
the tissue. This in turn causes a potential difference between the recording electrodes which is
seen as stimulation artefact at the amplifier output. Ideally the current will only flow during a
stimulation pulse. As soon as the current stops flowing between the stimulation pulses, there
would be no voltage gradient and hence no stimulation artefact. By introducing the blanking
capability into the EMG amplifiers, the amplifier would not be subjected to the voltage gradi-
ent caused by the stimulation current. However, a stimulation artefact was still present in the
measurements taken with the Blanking amplifier. This implies that there is still current flowing
between the stimulation pulses, that would produce a voltage gradient that affects the output of
the amplifier. The source of this current was attributed to the presence of the blocking capacitor
and the discharge resistor, found in the output stage of the Biphasic stimulator.
Any difference in charge during the positive and negative phases of the biphasic stimula-
tion pulse, causes a residual charge to be present across the blocking capacitor at the end of
a stimulation pulse. Between stimulation pulses, this residual charge would dissipate through
the discharge resistor, causing a current to flow through the tissue, consequently setting up a
voltage gradient and causing the stimulation artefact. However, the choice of components for
the blocking capacitor and discharge resistor gives a time constant far longer than the stimula-
tion period and far longer than that measured for the stimulation artefact. This indicated that,
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although the presence of the blocking capacitor and discharge resistor created a path for the dis-
charge current to flow between stimulation pulses, the blocking capacitor could not have been
the only source of residual charge causing the discharge current to flow.
The electrode-skin interface, is actually an extension of the voltage gradient concept. The
interface between the stimulating electrodes and the skin can be modelled as the parallel combi-
nation of a resistor and capacitor. This would further the charge imbalance between the positive
and negative phases, as the interface resistance causes the interface capacitance to act as a leaky
capacitor. At the end of a stimulation pulse there would be a residual charge distributed across
the interface capacitance of both stimulating electrodes, as well as the blocking capacitor, which
would give rise to the discharge current between pulses. The time constants of the electrode-
skin interface would be much shorter than the stimulation period. By using the pulse width ratio
adjustment capability of the Biphasic stimulator, it was possible to force the residual voltage to
zero at the end of a stimulation pulse, thereby preventing a discharge current from flowing and
eliminating the stimulation artefact.
The common mode voltage seen by the recording electrodes gave rise to the stimulation
artefact through two mechanisms. Firstly, if the amplitude of the common mode voltage ex-
ceeded the common mode rejection capability of the amplifier, a response was measured at the
output of the amplifier in the form of a stimulation artefact. This was combatted by reducing the
amplitude of the common mode voltage either by careful placement of the reference electrode,
or by using clamping diodes to limit the common mode voltage seen at the amplifier input.
Secondly, any mismatch in impedance of the amplifier inputs, including the electrode-skin in-
terface of the recording electrodes, results in a differential mode voltage at the amplifier input
due to the presence of a common mode voltage.
A fourth cause of what appeared as stimulation artefact, although not considered to be one
of the main three causes, was the blanking interval response of the amplifier. This response
was inherent to the Blanking amplifier as it was present even in the absence of stimulation (i.e.
no stimulation current, discharge current or common mode voltage). In the event that the bias
position of the preamplifier was not centred (i.e. the blanking interval voltage was not matched
to the baseline voltage prior to the stimulation pulse), then what appeared to be stimulation
artefact would be present on the output of the amplifier. This was not rectified with the methods
used for the previous three causes of artefact. Instead, this apparent stimulation artefact was
eliminated by ensuring that the biasing level was centred.
Shaping of the stimulation artefact
Even though the causes behind the stimulation artefact were very different (voltage gradients
set up by discharge currents, and, common mode voltage at the amplifier input), and each cause
was eliminated by different methods (adjusting the PWr setting, and, careful placement of the
reference electrode or limiting Vcm at the amplifier input, respectively), the time constant of the
stimulation artefact itself always appeared to be very similar.
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For a number of the figures presented in this chapter, the time constant was estimated from
the measurements and are listed in table 7.1. What immediately becomes evident is that there
was a small difference in the stimulation artefact time constants. The artefact caused by voltage
gradients had a time constant of around ∼10ms, while those caused by common mode voltage
were around ∼20ms. The difference is particularly evident if we look at figures 7.19 and 7.20,
where the two results are shown next to each other. Even though there was a difference between
the two artefacts, it still raises the question, what is actually causing these time constants? To
answer this, we first looked at observations that were made with regard to the discharge current
and common mode voltages.
In Section 7.3.1 the PSPICE model indicated that the time constant associated with the
discharge current varied according to the PWr setting (refer to figure 7.11(b)). Nonetheless,
the time constant itself was always less than 1ms. These values could be slightly out due to
poor choices of the component values used in the electrode-skin interface model. However, it
was unlikely that even with a more accurate model we would see time constants around 10ms,
like those seen in the artefact.
Table 7.1: Stimulator-Body-Amplifier system time constants.
τ Artefact attributed to...
Refer to
Section Figure
∼8ms Voltage gradient (discharge current)a 7.2 7.4(b)
∼10ms Voltage gradient (discharge current)a 7.3 7.12(b)
∼10ms Voltage gradient (discharge current)a 7.4 7.19
∼10ms Voltage gradient (discharge current)a 7.4 7.25(b)
∼10ms Voltage gradient (discharge current)a 7.4 7.25(c)
∼18ms Common mode voltage (DM response)b 7.4 7.20
∼20ms Common mode voltage (CM response)b 7.4 7.20
∼20ms Common mode voltage (DM response)b 7.4 7.25(a)
∼15ms Common mode voltage (CM response)b 7.4 7.25(a)
τ Observations
Refer to
Section Figure
<1ms PSPICE model discharge current 7.3 7.11(b)
∼100µs Vcm spike, same time constant for all three setups 7.4 7.25(d)
τ Stimulator and amplifier characteristics
Refer to
Section Figure
165ms Stimulator output stage (Rd and Cb) 5.2.1y -
∼10ms BI response of amplifier 6.5.2 6.28(b)
∼10ms DM transient response of amplifier 6.5.3 6.31(a)
∼15ms CM transient response of amplifier 6.5.3 6.32(a)
a Adjusting PWr eliminated stimulation artefact. b Adjusting PWr had no effect on stimulation artefact.
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In Section 7.4.3 the common mode voltage was measured. From figure 7.25(d) we can see
that a spike in Vcm, which exceeded the common mode voltage capability of the amplifiers,
resulted in stimulation artefact. However, the time constant of the spike was only ∼100µs.
From these observations we see that even though the discharge current and common mode
voltage caused the stimulation artefacts, they were not responsible for the shape of the artefact.
McGill et al. [1982] proposed that the recording amplifier could be responsible for the
shaping of the stimulation artefact. Taking this approach we next considered time constants
inherent to the Biphasic stimulator and the Blanking amplifier, also listed in table 7.1. From
this we can see that the Biphasic stimulator was not the cause, however, the transient response
of the Blanking amplifier seemed to hold the answer.
In Section 6.5.3 the transient response of the Blanking amplifier, to both a differential mode
(DM) and a common mode (CM) input voltage, was measured. The observed time constant of
these two responses were ∼10ms and ∼15ms respectively. Remarkably similar to the two
stimulation artefact time constants.
It was concluded that the stimulation artefact due to the voltage gradients, was being
shaped by the output filter of the amplifier, just like the DM transient response, giving a time
constant of∼10ms. The stimulation artefact due to common mode voltage was being shaped by
the CM response inherent to the current conveyor and the bandpass characteristic of the output
filter, giving a time constant ranging from 15ms− 20ms, just like the CM transient response.
7.7 Summary
Stimulation artefact is a known problem when recording M-waves in response to a stimulation
pulse. If the stimulation artefact and the M-wave overlap, the M-wave measurement can be
distorted, or even worse, its presence totally obscured. The artefact is typically seen as a voltage
spike directly after the stimulation pulse, followed by an exponential decay. As the separation
distance between the stimulating electrodes and the recording electrodes is reduced, the latency
of the M-wave also decreases, thereby increasing the likelihood of the artefact and the M-wave
overlapping.
The literature discusses a number of possible reasons for stimulation artefact. However,
there is no global recipe, but rather the system consisting of the stimulator, amplifier and tissue
being stimulated needs to be considered for each individual system, and the relevant causes of
stimulation artefact identified.
For the system consisting of the Biphasic stimulator and the Blanking amplifier and the
limb being stimulated the three main causes of stimulation artefact were identified as:
1. Voltage gradient.
2. Electrode-skin interface.
3. Common mode voltage.
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Although, the electrode-skin interface is not actually a cause on its own. Rather it is a
mechanism that sets up a voltage gradient in the tissue, which results in stimulation artefact.
A PSPICE model showed that the discharge current associated with the electrode-skin in-
terface produces a wave-like response. This was attributed to different amounts of residual
charge remaining on each stimulating electrode, after a stimulation pulse, due to differing elec-
trode properties. However, the interface time constants were sufficiently short (<1ms) to ensure
that there was little chance of the wave-like response being mistaken for an M-wave.
A number of experiments were discussed to highlight the effects of the various causes:
1. Electrode orientation was found to affect the polarity of the stimulation artefact. Re-
versing the orientation of the stimulating electrodes reverses the direction in which the
discharge current flows and hence the direction of the voltage gradient. Reversing the ori-
entation of the recording electrodes changes the polarity of the potential difference seen
by the recording electrodes.
2. Placing the recording electrodes on equipotential lines removed the stimulation artefact.
3. By directly measuring the inter-electrode voltage, it was seen that pulse width ratio ad-
justment could be used to reduce the voltage to zero directly after a stimulation pulse,
which corresponded with the elimination of the stimulation artefact at the amplifier out-
put. Further decreasing the pulse width ratio setting beyond this point, reintroduced the
stimulation artefact at the amplifier output, however the polarity had been reversed. This
was due to the residual voltage being introduced into the system again, however the dis-
tribution of the charge had now been reversed, which resulted in the discharge current
flowing in the opposite direction.
4. The amplitude of the stimulation current was directly proportional to the amplitude of the
stimulation artefact. By increasing the amplitude of the current, the amount of residual
charge present at the end of a stimulation pulse would also have increased. This in turn
results in an increase in the amplitude of the discharge current, thereby increasing the
amplitude of the stimulation artefact.
5. The values of the electrode interface components is dependent on various electrode prop-
erties. By using abrasive techniques and alcohol to prepare the skin under the electrodes
the values of these components were changed, which showed a corresponding change in
the amplitude and time constant of the stimulation artefact.
6. The PWr setting required to eliminate stimulation artefact decreased as the stimulation
current increased.
7. The PWr setting also showed a dependency on the PWp setting of the stimulation pulse.
The higher the value of PWp, the lower the required PWr setting. The relationship be-
tween the two variables was exponential in nature, but due to the non-linearities inherent
in the electrode-skin interface an exact model is difficult to obtain.
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Chapter 8
Simultaneous measurement of joint moments
and M-waves
8.1 Introduction
In an earlier study, discussed in Chapter 4, the Bi-moment chair was used to measure hip and
knee joint moments, while using the three major electrode positions, Standard, Rectus and
Vastii, to stimulate the Quadriceps. To briefly recapitulate, using the Standard position all
three superficial muscles of Quadriceps, Rectus femoris (RF), Vastus lateralis (VL) and Vastus
medialis (VM) were stimulated simultaneously. By using the Rectus position it was intended
to only stimulate Rectus femoris, while the Vastii position targeted only Vastus lateralis and
medialis. Due to the functionality of the three component muscles, we were expecting to see
joint moment curves, for the three major positions, similar to those shown in figure 4.3 (repeated
as figure 8.1 for ease of reference).
Figure 8.1: Moment curves for the three major electrode positions.
The Rectus position was expected to generate the largest hip flexion moment while the
Vastii position would generate the smallest. However, the initial results did not show this out-
come. Although the Rectus position did tend to produce the largest hip flexion moments, there
was generally no reduction in the magnitude of the hip flexion moments measured with the
Vastii position as compared with the Standard position (refer to the results discussed in Sec-
tion 4.3.2).
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It was shown that the reason for the negative results was not due to measurement error.
Instead, it was thought that the explanation for the results was physiological. Were the three
major electrode positions selectively stimulating the component muscles of Quadriceps as in-
tended? To answer this question it was necessary to measure the evoked EMG response in the
three muscles, during stimulation, for which the Biphasic stimulator and Blanking amplifier
were designed and built. They were used during a second study with ten subjects, in which
both joint moments and M-waves were simultaneously captured. The remainder of this chapter
discusses this second study.
8.2 How the study was structured
The study was similar to that discussed in Section 4.2, although there were a few notable differ-
ences. The same terminology laid out at the start of Section 4.2 is used throughout this chapter.
8.2.1 Equipment setup
Figure 8.2(a) shows the wiring diagram of the various apparatus used in the setup. The inter-
connections between the apparatus are indicated, as well as the fact that the metal cases housing
each piece of equipment were earthed.
Differences between this setup and that used previously were:
1. The Stanmore stimulator was replaced with the Biphasic stimulator. Consequently the
286 portable computer was also removed from the setup.
2. The Blanking amplifier was introduced into the setup.
3. The previously used real time Simulink program was replaced with the CED Micro1401
data acquisition system and Signal software. This was necessary as a sampling rate faster
than that possible using the Simulink program, was required to capture the EMG data.
The sensor electronics were also modified to facilitate a connection to the Micro1401,
thereby using a single data acquisition system to capture all of the necessary signals
simultaneously.
Photographs of the fully assembled system have been included in figures 8.2(b) and 8.2(c).
8.2.2 Electrode orientation
Figure 8.3 shows the positioning of both the recording and stimulating electrodes for all three
major positions. One of the most prominent differences between this study and the study dis-
cussed in Chapter 4, is that each subject only took part in one session, because the minor posi-
tions were eliminated from the study and all three major positions were tested within a single
session. The recording electrodes were therefore placed so that the stimulating electrodes could
be repositioned (to realise each of the major positions), without having to move the recording
electrodes. The electrode orientation was kept the same for all of the subjects.
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(a) Wiring diagram.
(b) Front view. (c) Back view.
Figure 8.2: The Bi-moment chair, Biphasic stimulator and Blanking amplifier setup.
Figure 8.3: Orientation of stimulating and recording electrodes for the three major positions.
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8.2.3 Recruitment curve protocol
The recruitment curve protocol used was similar to that discussed in Chapter 4; nine bursts of
stimulation, each burst increasing in intensity by increasing the pulse width. The only difference
was that the 10s rest interval between pulses was reduced to 3s. This was due to the manner in
which the data was captured with the Micro1401 data acquisition system, which was limited to
a recording frame seven seconds long when sampling data at 4.5kHz on 14 channels. The M-
waves discussed in this chapter were captured during the last second of each stimulation burst,
as highlighted in figure 8.4.
Figure 8.4: Recruitment curve stimulation protocol.
The stimulation parameters used are given in table 8.1. The maximum positive phase pulse
width, PWp, was set at either 200µs or 400µs. The choice of which maximum PWp setting
was used for each subject, is discussed in Section 8.3.
In Section 7.3.5 (Influence of pulse width on the PWr setting required to eliminate stim-
ulation artefact), the relationship between the PWr setting and the pulse width of a biphasic
stimulation pulse is discussed. Bearing in mind that biphasic stimulation pulses were used to
produce the stimulation protocol shown in figure 8.4 and that the stimulation intensity of the
protocol was varied by changing the PWp setting of the individual stimulation pulses, it was
therefore also necessary to adjust the PWr setting during the protocol. The Biphasic stimulator
was designed to automatically calculate the necessary adjustment, using equations 7.3 and 7.4,
given that the PWr setting required to cancel stimulation artefact at the maximum PWp setting
was known (as experimentally determined in the initial setup phase, discussed next).
Table 8.1: Stimulation parameters, recruitment curve protocol.
Parameter Setting
Frequency 33 Hz
Positive phase pulse width 40µs up to 200µs, in steps of 20µs
OR
80µs up to 400µs, in steps of 40µs
Current amplitude Highest that is tolerable by the subject at the maximum pos-
itive phase pulse width OR where the force attains a plateau,
whichever occurs first.
For Vastii, different currents can be used medially and laterally.
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8.2.4 Protocol followed during each session
After eliminating the minor positions, so that all three major positions were tested in a single
session, the session itself was split up into two parts.
Initial setup phase
In the initial setup phase the stimulating and recording electrodes were placed on the subject.
The skin beneath the recording electrodes was prepared using abrasive paper and alcohol. The
current intensities that the subject was willing to withstand during constant stimulation (33Hz,
maximum PWp setting used in the recruitment curve protocol), for each of the three major
positions, was then found. At the same time the PWr setting required to eliminate stimulation
artefact was found, at the highest stimulation intensity that the subject was able to tolerate. The
Biphasic stimulator automatically calculated the PWr settings required during each burst of
stimulation of the recruitment curve protocol, using this PWr setting.
As this phase was quite lengthy, upon completion the subject was allowed a half hour rest
before being strapped into the Bi-moment chair for the second part of the session.
Measurement of joint moments and EMG
During this part of the session the joint moments and EMG measurements were captured in
response to a number of tests of the recruitment curve protocol. The following procedure was
used:
1. At the beginning and end of each session, MVC and FF tests were performed, similar to
those discussed in Section 4.2.3.
2. One test of the recruitment curve stimulation protocol was completed for each of the
major positions while placing the reference electrode on the knee.
3. A second test was performed for the Standard position with the reference electrode placed
on the posterior thigh.
4. An additional two tests were performed on some of the subjects for the Rectus and Vastii
positions with the reference electrode also placed on the posterior thigh. This helped to
investigate the influence of moving the reference electrode on the M-wave measurements.
5. The order in which the major positions were tested was different for each of the 10
subjects, so as not to introduce a bias.
6. The subject was allowed a 5 minute rest between tests.
7. The first position tested was repeated again in the last test of the session to help monitor
fatigue. It was ensured that the position of the reference electrode in the last test was the
same as that used in the first test.
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8.2.5 Subject participation
Ten subjects took part in the study (four female, six male; age: 33.4 ± 14.5 years; height:
1.75 ± 0.11 m; weight: 72.37 ± 12.51 kg). The number of tests that were carried out for each
subject, the major electrode position tested and the position of the reference electrode during
the test, are listed in table 8.2.
Table 8.2: Subject participation in the study.
Subject No. of tests Stimulating and reference electrode positionsfor each test
A 7 S(p), R(p), R(k), V(k), V(p), S(k), S(p)
B 6 V(p), V(k), R(k), S(p), S(k), V(p)
E 8 V(k), V(k), S(k), S(k), S(p), R(p), R(k), V(k)
F 6 R(k), V(k), S(k), S(p), R(p), R(k)
G 5 S(k), V(k), S(p), R(k), S(k)
H 6 R(k), S(p), V(p), V(k), S(k), R(k)
I 6 S(k), S(p), V(p), V(k), R(k), S(k)
J 5 S(k), V(k), R(k), S(p), S(k)
K 5 S(p), S(k), V(k), R(k), S(p)
L 5 R(k), S(k), V(k), S(p), R(k)
S - Standard position, R - Rectus position, V - Vastii position.
(k) - reference electrode knee, (p) - reference electrode posterior thigh.
8.3 Understanding the results
Figure 8.5 shows a typical set of measurements captured for one of the 10 subjects. The moment
curves, figure 8.5(a), showed the knee joint and hip joint moments plotted against each other.
Each trace corresponds to a test of the stimulation recruitment curve protocol.
In addition to the joint moment measurements, the M-waves were measured in RF, VL
and VM during each test. Figure 8.5(b) shows the M-waves captured during the test where the
electrodes were placed in the Rectus position (red line in figure 8.5(a)). A similar M-wave plot
exists for each of the other moment curve traces (green and blue lines).
If we consider the top row of M-waves, namely the EMG measurements taken for VM,
we see that there are nine M-waves, consecutively increasing in amplitude. Recalling that the
recruitment curve protocol consisted of nine bursts of stimulation, each increasing in intensity
we can see that each of these nine M-waves corresponds with a stimulation burst. It should
also be noted that each of these nine M-waves actually consist of 33 M-wave traces plotted on
top of one another. This can be explained by referring to figure 8.4 in which the time inter-
val during each stimulation burst, in which the M-waves were captured, was highlighted. The
M-waves were recorded during a 1s period, at the end of each stimulation burst. As the stimu-
lation frequency was set at 33Hz, a total of 33 M-waves were captured during each 1s period.
For each burst of stimulation, the average peak-to-peak amplitude found for the 33 overlapping
M-wave traces was found, and has been displayed on the figure below each M-wave. Markers
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Figure 8.5: A typical set of results, captured for subject K.
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were drawn on the peaks of each M-wave that were used to calculate the amplitude measure-
ments. Similar results can be seen in the second and third rows of figure 8.5(b) for the EMG
measurements of RF and VL respectively.
As mentioned in Section 8.2.2, the same electrode orientation was used for all of the sub-
jects. However, the polarity of the recorded M-waves was not always the same. In the previous
chapter the M-wave polarity was presented exactly as it was measured so that the influence of
the electrode orientation on polarity and stimulation artefact could be discussed. In this chapter
the results presented were sometimes plotted with opposite polarity to that actually measured
so that the M-waves were always shown to have conventional polarity (refer to Section 1.2),
thereby making visual comparisons easier, but not interfering with the relevant data, namely the
peak-to-peak amplitudes.
From hereon, the term data set is used to refer to the moment curves and the correspond-
ing M-wave measurements captured for the three superficial muscles of Quadriceps, for each
subject.
The M-wave measurements shown in figure 8.5(b) are an ideal set of measurements in
which the M-wave amplitude could easily be measured in all three Quadriceps muscles, for all
nine stimulation bursts. This, however, was not always the case.
It was sometimes difficult and occasionally impossible to eliminate the stimulation artefact
from all three muscles simultaneously. As a result the EMG measurements were sometimes
saturated with stimulation artefact making it impossible to obtain a reliable M-wave amplitude
measurement. As a consequence of this, the methods used to eliminate the stimulation artefact
were modified during the study, after problems became evident from the data sets captured for
the first few subjects and as more was learnt about the cause of the stimulation artefact and ways
to eliminate it.
Table 8.3 gives a list of the 10 subjects and the various settings and methods used to elim-
inate stimulation artefact.
Table 8.3: Settings used during sessions for each of the subjects.
Subject
Maximum SA elimination methods
PWp PWr Reference Clamping
(µs) equation thigh diodes
A 200 (7.3) X 5
B 200 (7.3) X 5
E 200 (7.3) X 5
F 200 (7.3) X 5
G 200 (7.3) X 5
H 200 (7.3) X 5
I 400 (7.3) X 5
J 400 (7.4) X X
K 400 (7.4) X X
L 400 (7.4) X X
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Maximum PWp
In Section 8.2.3 it was mentioned that the maximum positive phase pulse width, PWp, setting
was either 200µs or 400µs. Table 8.3 explicitly shows the maximum PWp setting used for each
subject. Initially the maximum PWp was set at 200µs. This was based on the assumption that
a biphasic stimulation pulse with a pulse width of 200µs per phase would be equivalent to a
monophasic stimulation pulse of 400µs (as used in the study discussed in Chapter 4).
However, a few of the subjects who had participated in the earlier study commented that
the evoked contraction no longer felt as strong. Furthermore, the magnitude of the moments
generated was also less, as can be seen when comparing the moment curves captured for subject
A in the first study (refer to figure 4.7) with those captured for subject A in the second study
(refer to figure 8.10). It was realised that the lower pulse width of 200µs accounted for the low
moment magnitudes. Consequently, for subjects I through L, the per phase pulse width was
increased to a maximum of 400µs.
An explanation for the 200µs PWp producing weaker contractions than a monophasic
pulse of 400µs was provided by Nilsson et al. [1988], who stated that the evoked response is
only influenced by the first phase of the biphasic pulse. During the second phase the nerve is re-
fractory, which means that the second phase only plays a part in helping to eliminate stimulation
artefact.
Preventing discharge currents from flowing
The table also lists three different methods used to eliminate the stimulation artefact (SA). The
first method shown, “PWr equation”, was used to eliminate stimulation artefact caused by the
flow of discharge currents. The numbers given in the table refer to equations, presented in
Section 7.3.5 (Influence of pulse width on the PWr setting required to eliminate stimulation
artefact), that describe the relationship between the PWr setting and the pulse width. The
Biphasic stimulator used these equations to automatically adjust the PWr setting during the
recruitment curve protocol.
The first equation used, equation 7.3, was limited to a maximum PWp of 200µs, while the
second equation used, equation 7.4, described the relationship up till 400µs.
Generally equation 7.3 was used for the subjects with a maximum PWp of 200µs. While
equation 7.4 was used for the subjects with a maximum PWp of 400µs. The only exception
to this rule was with subject I, where equation 7.3 was used even though the PWp setting was
400µs. Subject I was the first subject to be stimulated with the higher PWp setting. During this
session it was found to be necessary to modify the equation describing the relationship between
the PWr and PWp settings, as the stimulation artefact was no longer eliminated though out all
nine stimulation bursts.
Limiting the common mode voltage
The last two methods listed in the table were both used to eliminate stimulation artefact caused
by excessive common mode voltage.
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The “Reference thigh” method, refers to the placement of the reference electrode on the
posterior thigh, as discussed in Section 7.4.2. This method was used for all 10 subjects when
stimulating with the Standard position.
The “Clamping diodes” method referred to the introduction of common mode voltage
limiting diodes at the input stages of the Blanking amplifier (refer to Section 7.4.3). This mod-
ification was only made to the equipment setup prior to the sessions carried out with the last
three subjects.
8.3.1 Effectiveness of stimulation artefact elimination methods
The effectiveness of each of these stimulation artefact elimination methods is now discussed
with reference to M-wave measurements captured during the study.
Results: PWr setting
Figure 8.6 shows the EMG measurements captured in RF, VM and VL for subject J, when
stimulating with the Vastii position and the reference electrode placed on the knee. The table
above the figure lists the maximum PWp value used and the corresponding PWr values, for
the given stimulation current. These were the stimulator settings used during the recruitment
curve protocol. The PWr setting was adjusted during the nine bursts of stimulation using
equation 7.4.
Inspection of the EMG measurements shows that M-waves were captured for all nine stim-
PWp (µs) PWr (%) Istim (mA)
VM 400 56.1 22
VL 400 67.1 40
Reference electrode position: Knee
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Figure 8.6: M-wave measurements for subject J, Vastii position, with clamping diodes.
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ulation bursts for VM and VL. However, this was not the case for RF, where the stimulation
artefact saturated some of the measurements.
Discussion: PWr setting
This was one of the problems that arose during the study, namely that it was not always possible
to find a PWr setting that cancelled the stimulation artefact in all three muscles simultaneously.
This problem seemed to be particularly prevalent when stimulating with the Vastii position,
for which two stimulating channels were used simultaneously, where the PWr setting for each
channel was independently set.
In Section 7.3.1, the PSPICE model of the electrode-skin interface showed that a PWr set-
ting could be found such that the sum of the residual voltages, across the stimulating electrodes
and the blocking capacitor, was zero. This was a simplified approximation where the electrode-
skin interface was considered to behave linearly and the influence of the recording electrodes
and the reference electrode were omitted. In practice, when stimulating with the Vastii position,
there are a total of six stimulating electrodes, six recording electrodes, one reference electrode
and two blocking capacitors. The component values, associated with each of the skin-electrode
interfaces, would vary with time, and exhibit non-linear behaviour.
Clearly the situation is far more complicated than that considered earlier. It was therefore
possible that, even after adjusting the PWr setting, that residual charge present on some of the
electrode interfaces would cause a discharge current to flow, between the electrodes, through
the tissue, potentially causing a stimulation artefact.
The reason as to why it was possible to eliminate the stimulation artefact, while stimulating
with the Vastii position, for some of the subjects, but not others, is not understood.
Results: Position of the reference electrode
Figure 8.7 shows similar M-wave measurements that were captured for each of the three major
positions. All three plots show the results from more than one test. The black traces represent
tests that were carried out with the reference electrode placed on the knee, while the coloured
traces were captured during tests with the reference electrode placed on the posterior thigh.
Other than the position of the reference electrode, no changes were made in stimulating and
recording electrode positions, nor in the stimulation intensity settings.
Discussion: Position of the reference electrode
Figure 8.7(a) shows measurements captured with subject F, when stimulating with the Standard
position. In this case it was impossible to eliminate the stimulation artefact from all three of
the Quadriceps muscles, simply by adjusting the PWr setting, as long as the reference elec-
trode was placed on the knee (black traces captured for RF and VL). This was typical of results
captured when stimulating with the Standard position, prior to using the clamping diodes. How-
ever, even without the aid of the clamping diodes, simply by moving the position of the refer-
ence electrode to the posterior thigh, the stimulation artefacts, in the RF and VL measurements,
were eliminated and M-waves became discernible (blue traces).
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(a) Subject F, Standard position.
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(b) Subject F, Rectus position.
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(c) Subject B, Vastii position.
Figure 8.7: Comparison of M-waves measured with the reference electrode placed either on the
knee or on the posterior thigh, prior to the introduction of clamping diodes.
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The stimulation artefact seen here was caused by the common mode voltage range of the
amplifier being exceeded. By moving the reference electrode to the posterior thigh (i.e. the
centre of the stimulation dipole), the common mode voltage was reduced, thereby eliminating
the stimulation artefact (refer to Section 7.4).
In practice the reference electrode is normally placed on electrically inactive tissue, often
making use of a bony protuberance such as the patella. Consequently, even though placing
the reference electrode on the posterior thigh did remove the stimulation artefact, it still raised
questions about the quality of the M-waves captured as the muscles in the posterior thigh can
be electrically active. However, in our application it was expected that these muscles would be
relaxed during the stimulation protocol, thus not influencing the M-wave measurements.
This was investigated by recording M-waves when stimulating with the Rectus position,
for both positions of the reference electrode, as shown in figure 8.7(b). For the majority of
tests carried out with the Rectus position, the common mode voltage of the amplifier was not
exceeded when the reference electrode was placed on the knee. Consequently it was possible
to eliminate stimulation artefact in all three muscles just by adjusting the PWr setting (black
trace in figure 8.7(b)). Moving the reference electrode to the posterior thigh showed no changes
in the shape or timing of the measured M-waves, as indicated by the overlapping black and red
traces. This was used to justify the placement of the reference electrode on the posterior thigh.
M-waves captured when using the Vastii position produced results somewhere between
those captured for the Standard and Rectus positions:
• At times, it was possible to eliminate stimulation artefact from all three muscles with the
reference electrode placed on the knee, just with careful selection of the PWr settings.
• With some of the subjects it was not possible to eliminate all of the stimulation arte-
fact. However, provided the stimulation artefact was caused by common mode voltage,
it could be eliminated by placing the reference electrode on the posterior thigh (refer to
figure 8.7(c)), or through the use of clamping diodes.
• In a few of the cases, no matter what method was used to try and reduce the artefact, it
was not possible to eliminate it completely (refer to figure 8.6).
Results: Introduction of clamping diodes at amplifier input
Figure 8.8 shows the M-wave measurements captured for subject K, when stimulating with the
Standard position. The clamping diodes were present at the amplifier input for these measure-
ments.
As before, the black traces in the figure show M-wave measurements captured during a
test with the reference electrode on the knee, while blue traces show measurements captured
with the reference electrode on the posterior thigh. By introducing the clamping diodes the
stimulation artefact that had previously been present, when the reference electrode was on the
knee, was no longer evident. There was now virtually no difference between the two tests,
regardless of the position of the reference electrode.
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Figure 8.8: Comparison of M-waves measured with the reference electrode placed either on
the knee or on the posterior thigh, after introduction of clamping diodes (Subject K, Standard
position).
Discussion: Introduction of clamping diodes at amplifier input
The introduction of the clamping diodes to the input stage of the Blanking amplifier had a
similar effect to that achieved by repositioning the reference electrode, namely ensuring that
the common mode input voltage of the amplifier was not exceeded. The diodes did however
work slightly differently by actually limiting the common mode voltage that could occur at the
amplifier input (discussed in Section 7.4).
The M-waves captured using the Standard position have been summarised in table 8.4.
Table 8.4: M-wave recordings for the Standard electrode position.
Subject Reference knee Reference thighVM RF VL VM RF VL
A X SA SA X X X
B X SA SA X X X
E X SA SA X SA SA
F X SA SA X X X
G X SA SA X X SA
H X SA SA SA X X
I X SA SA SA SA SA
J X X X X X X
K X X X X X X
L X X X X X X
X- Possible to measure M-wave peak-to-peak amplitude for all 9 stimulation bursts.
SA - Stimulation artefact present in at least one of the 9 stimulation bursts.
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Clearly for the first 7 subjects the position of the reference electrode greatly influenced
the presence of stimulation artefact. However, for the last 3 subjects, after the clamping diodes
had been introduced, this was no longer the case. This is a clear indication that when stimu-
lating with the Standard position, the stimulation artefact could be attributed to common mode
voltages.
The only exception was seen in the results measured for subject I. This can be explained
with reference to table 8.3 where it was shown that the equation used to calculate the required
PWr setting during the stimulation protocol was not intended for a PWp value of 400µs. This
meant that the stimulation artefact present in the results of subject I were due to discharge cur-
rents caused by the presence of residual voltage at the electrode-skin interface, and not common
mode voltage. Consequently the methods used to eliminate stimulation artefact caused by com-
mon mode voltage did not work. However, by correcting the method used to calculate PWr
for the last three subjects, the stimulation artefact due to both discharge currents and common
mode voltage were eliminated.
8.3.2 Effect of stimulation artefact elimination on data analysis
From the results presented thus far, it is evident that the effectiveness of the stimulation artefact
elimination varied from subject to subject. Furthermore, for any one subject, the effectiveness
of the stimulation artefact elimination also varied for the three different major positions. To
be able to use these results to investigate the selectivity of the three major positions, it was
necessary to have complete data sets. A complete data set was defined as a data set that had:
1. At least one moment curve captured for each of the three major positions.
2. For each of these three moment curves, the corresponding M-waves had to be captured,
for each stimulation burst in all three superficial muscles RF, VL and VM. (i.e. Peak-to-
peak amplitudes could be measured for all of the M-waves, no information was lost due
to the presence of stimulation artefact.)
For all 10 subjects, the first requirement was met. However, due to the presence of stimu-
lation artefact in some of the M-wave measurements, not all of the 10 subjects met the second
requirement. The M-waves captured, for each of the major positions, have been summarised
in table 8.5. For the Standard position results shown, the reference electrode was placed on
the posterior thigh, while for the Rectus and Vastii positions it was placed on the knee, unless
otherwise noted.
The subjects who met all of the criteria for a complete data set have been highlighted.
Of the 10 subjects, a complete data set was only captured for 4 subjects. This indicates the
difficulty of eliminating stimulation artefact from multiple muscles simultaneously, during a
stimulation protocol in which the stimulating intensity is varied.
So as to prevent introducing a bias into the results, when investigating the selectivity of the
major positions, only the four subjects with complete data sets were used in the group analysis
discussed in Sections 8.4.3 and 8.4.4.
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Table 8.5: M-wave recordings for all three major positions.
Subject Standard Rectus VastiiVM RF VL VM RF VL VM RF VL
A X X X X X X X SA X
B X X X X X X Xa Xa Xa
E X SA SA X X X X SA SA
F X X X X X X X X X
G X X SA X X X X SA X
H SA Xb Xb X X X Xa Xa Xa
I SA SA SA X SA SA SA SA SA
J X X X X X X X SA X
K X X X X X X X X X
L X X X X X X X X X
X- Possible to measure M-wave peak-to-peak amplitude for all 9 stimulation bursts.
SA - Stimulation artefact present in at least one of the 9 stimulation bursts.
a Reference electrode posterior thigh.
b No stimulation artefact to obscure results, but also no M-waves detected.
8.3.3 Crosstalk
In Section 1.3.2 the phenomenon of crosstalk was introduced. From the discussion it was evi-
dent that using a single differential (SD) detection system, which the input stage of the Blanking
amplifier can be likened to, the EMG recorded in the non-stimulated muscles of the Quadriceps
will partially be attributed to crosstalk. In Chapter 1 the results of Knaflitz et al. [1988], Farina
et al. [2002] and Solomonow et al. [1994] were used to show that at most 25% to 28% of the
EMG signal in the stimulated Quadriceps muscle can appear as crosstalk in the non-stimulated
muscles.
It was therefore decided to adjust the M-wave measurements from the complete data sets,
to account for crosstalk, prior to the group analysis discussed in Sections 8.4.3 and 8.4.4. The
adjustment involved calculating 25% of the peak-to-peak amplitude from the M-wave measured
in the stimulated muscle and subtracting this amount from the M-wave amplitudes measured
in the non-stimulated muscle. Table 8.6 lists the adjustments made for each of the three major
positions.
Table 8.6: Crosstalk adjustments.
major position Adjustment made
Standard No adjustment for crosstalk as all three muscles (RF, VM
and VL) are stimulated.
Rectus 25% of M-wave amplitude measured in RF subtracted from
amplitude of M-waves measured in VM and VL.
Vastii 25% of M-wave amplitude measured in either VM or VL,
whichever is larger, subtracted from amplitude of M-wave
measured in RF.
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As an example of the adjustments made, consider the M-waves shown in figure 8.5(b).
Table 8.7 lists the M-wave amplitudes shown in the figure that were directly measured with the
Blanking amplifier, as well as the M-wave amplitudes after being adjusted to account for the
possibility of crosstalk.
Table 8.7: Example: M-wave amplitudes adjusted for crosstalk, Rectus position.
Stimulation
.
burst
Peak-to-peak amplitude (mV)
Measured Adjusted
RF VM VL RF VM VL
1 0.00 0.00 0.00 0.00 0.00 0.00
2 0.04 0.16 0.04 0.04 0.15 0.03
3 0.07 0.30 0.05 0.07 0.28 0.03
4 0.21 0.60 0.34 0.21 0.55 0.29
5 0.49 0.97 0.66 0.49 0.85 0.53
6 0.62 1.19 0.94 0.62 1.03 0.79
7 0.88 1.23 1.18 0.88 1.01 0.96
8 0.75 1.33 1.53 0.75 1.14 1.35
9 0.99 1.35 1.72 0.99 1.11 1.47
8.4 Study outcome
8.4.1 Muscle fatigue
Results: MVC and FF tests
The results found for the MVC and FF fatigue tests are shown in table 8.8. The force measure-
ments captured for the shank, Fs, during the two tests were used to calculate:
1. The MVC force after the session, normalised to baseline values.
2. The 20Hz to 50Hz ratio before and after each session.
Table 8.8: Fatigue measurements calculated using Fs measurements.
Subject MVC % FF ratiosbefore after
A 88.5 0.47 0.45
B 123.2 1.25 0.73
E 112.6 0.67 0.72
F 111.6 0.51 0.50
G 101.5 0.75 0.55
H - a 0.11 0.26
I 120.9 0.60 0.07
J 77.0 0.77 0.72
K 102.7 0.56 0.40
L 96.4 0.87 0.65
a An error occurred while recording the MVC measurements.
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Discussion: MVC and FF tests
Subject A and J show a sizable drop in the MVC, indicative of fatigue. Subjects G, K and L,
show little change in the MVC at the end of the session, indicating minimal fatigue. However,
subjects B, E, F and I, all show a stronger MVC at the end of the session. These results may
indicate that they did not perform a true MVC at the start. Also, slippage sometimes occurred in
the cord connecting the strain gauge transducer, SG2, to the shank. This was the reason for no
MVC measurements being captured for subject H. Even though the slippage affected the MVC
measurements, it was not seen to be a problem when capturing force measurements in response
to stimulation, as the magnitude of the forces generated (3N-160N), was substantially less than
that measured during a voluntary contraction (196N-510N). Therefore it was not possible to
draw any conclusions about the fatigue experienced, from the MVC results.
The FF test results were analysed as in Section 4.3.1, where a drop of 0.2 or greater was
indicative of fatigue. For most of the subjects there was some fatigue (a drop of 0.2 or greater),
or minimal fatigue (a drop of less than 0.2). However, once again, there were a few exceptions.
Firstly as seen for subject B, where a ratio of greater than one was calculated and secondly for
subjects E and H, where the FF ratio after the session was greater than that measured at the start
of the session.
Further inspection of measurements for subjects B, E and H, show that they only generated
forces of 5N or less during the FF tests. This meant that the difference between the forces, mea-
sured at 20Hz and 50Hz, was often less than 1N (force magnitudes of ∼10N, with differences
of ∼5N, were often measured for the other seven subjects).
Using the strain gauge transducer calibration equations shown in figure 2.7(b) and the stan-
dard deviation equation (refer to equation 3.6), it was possible to convert the force difference
in newton into the equivalent millivolt measurement captured by the strain gauge transducers.
For subjects B, E and H, average millivolt measurements of ∼ 6.01 ± 1.71mV, were captured,
as compared with measurements of ∼ 61.50± 2.61mV, for the other seven subjects. This indi-
cates that the FF force magnitudes captured for subjects B, E and H were far more susceptible
to measurement error, due to the small force magnitudes.
Part of the reason for the low force magnitudes can be seen by referring back to table 8.3.
Subjects A through H used a recruitment curve protocol with a maximum PWp of 200µs, while
subjects I though L used a maximum PWp of 400µs. In general the forces generated with the
400µs pulse were greater than those generated with the 200µs pulse.
Results: Comparison of force measurements
The results from the MVC and FF tests were not satisfactory, consequently, a third approach
was used to investigate fatigue. This involved comparing the Fs values captured throughout
a session, as shown in figure 8.9, for subject B. In the figure we can see that the forces mea-
sured using the same major position were grouped together. The force measurements for all
10 subjects showed similar groupings. Table 8.9 shows percentage differences between force
measurements, captured during the ninth stimulation burst of the recruitment curve protocol.
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Figure 8.9: Force measurements, Fs, captured during a session, for subject B.
Table 8.9: Percentage difference in Fs measurements during the 9th stimulation burst.
Subject
Difference Mean difference
between tests 1 between all Difference Number of
and 2 if the same tests using the between first and tests
major position same major last tests (%) performed
tested (%) position (%)
A - -4.1 -12.3 7
B 4.1 -5.6 -29.1 6
E 1.3 -3.2 -10.3 8
F - -2.4 -5.8 6
G - 7.4 14.8 5
H - 0.5 9.6 6
I -3.1 -19.2 -49.1 6
J - -1.9 -3.9 5
K -4.7 -7.5 -14.9 5
L - 9.9 16.9 5
Mean: -0.6 -2.6 -8.4 -
Negative percentages indicate a drop and positive percentages indicate an increase in force magnitude.
Discussion: Comparison of force measurements
In Chapter 4 the first test was discarded due to a large drop (often > 10%) between forces
measured during the first and second test of a session. However, in the study presented in this
chapter, the difference was always less than 5%, provided that the same major position was
tested. These differences were comparable with the “mean difference between all tests using
the same major position”. As a result, the first test was not discarded from further analysis.
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Previously, the reason for the difference in forces measured between the first and second
test was attributed to the subjects experiencing substantial fatigue during the first three minutes
of stimulation, after which the fatigue becomes much more gradual, as documented by Duffell
et al. [2008]. In the study of Chapter 4 the initial setup phase involved finding the tolerable
current amplitude for one of the major positions during constant stimulation. This often took
just a couple of minutes or less. In contrast, during the initial setup phase of the study discussed
in this chapter, it was necessary to find both the tolerable current amplitude and PWr settings
for all three major positions. This often took in excess of 10 minutes and consequently the
subjects would have been more fatigued. The three minute period during which the substantial
fatigue occurred would already have passed, and the muscles would have experienced gradual
fatigue during the second part of the session.
Table 8.9 also shows the percentage “difference between the first and last tests”. As men-
tioned earlier, the stimulating electrodes were placed in the same positions for these two tests.
Subject B shows a large difference of 29.1%. However, if we compare this with the force mea-
surements for subject B, shown in figure 8.9, we can see that a large difference between the first
and last test occurred during the ninth stimulation burst, although the difference was far less for
stimulation bursts 1 through 8. Furthermore, even though such a drop in force magnitude did
imply that some fatigue had occurred, it was still possible to differentiate three distinct groups
of force measurements according to the major position tested (namely that, like-coloured traces
were grouped together). The same result was seen for the force of the other nine subjects,
namely that although the force did tend to decrease during the session, the drop was not suffi-
cient to prevent the like-coloured traces from being grouped together.
As the aim of the study was to determine if it was possible to selectively stimulate the
muscles using the major positions, it was concluded that the fatigue experienced by the subjects
would not adversely affect the results. Consequently no further issues relating to fatigue were
considered when analysing the results.
8.4.2 Moment curves
Results: Major electrode positions
Figure 8.10 shows the moment curves, for each subject, from which we can observe that:
• For 9 of the 10 subjects the Rectus curves lie above the Standard and Vastii curves (i.e.
by stimulating with the Rectus position the greatest hip flexion moments, Mh, were mea-
sured). The only exception to this was seen in the results for subject L, where the Vastii
curve was above the Standard and Rectus curves.
• Only two of the subjects (H and I) have results that agree with the expected moment
curves shown in figure 8.1 (namely, Rectus curve above Standard and Vastii curve below
Standard). Although, for both of these subjects the magnitude of the moments measured
with the Standard position were much smaller, as compared with the magnitude of the
moments measured with the other two major positions.
• No trends are readily visible for the Standard and Vastii curves.
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Figure 8.10: Moment curves captured for all three major electrode positions (blue - Standard,
red - Rectus, green - Vastii ), for each of the 10 subjects.
8.4. Study outcome 225
The moment curves for all 10 subjects were combined as a scatter plot, shown in fig-
ure 8.11. It is possible that a rotational error was present in some of the sessions (refer to Sec-
tion 3.5.2). Nonetheless, the scatter plot allowed the data from all 10 subjects to be presented in
a single figure.
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Figure 8.11: Scatter plot of moment curves captured for all 10 subjects.
A few observations were made from the figure:
• When directly stimulating RF with the Rectus position, it was possible to simultaneously
generate hip flexion moments, Mh, and knee extension moments, Mk, of roughly the
same magnitude.
• When stimulating with the Standard position smaller Mh moments were measured while
the Mk moments were of the same magnitude or more, than those attained with the
Rectus position.
• For the Vastii position, the moments varied greatly between subjects.
• No trends were evident when comparing the Vastii moments against those captured with
the Standard and Rectus positions.
Discussion: Major electrode positions
Nothing new was learnt from the moment curves presented in figures 8.10 or 8.11, that was not
already known from the moment curves discussed in Chapter 4. An additional T-test analysis,
was however, carried out in Section 4.3.2. For the sake of completeness, the same T-test analysis
8.4. Study outcome 226
was performed on the moment curves captured with all 10 subjects, the results of which have
been included in Section F.3.
In Chapter 4, 11 tests were performed for each major positions, which gave 22 data points
(for each stimulation burst), to be used in the T-test analysis. In the current study the number of
tests performed for each major position, varied from 1 to 3, giving only 2 to 6 data points for
each stimulation burst. This was not enough points to perform a meaningful statistical analysis.
Nonetheless, from the T-test analysis included in Appendix F, it was shown that the difference
between the mean moments (when comparing either the Rectus and Standard results, or, the
Vastii and Standard results), was significant for 70%-80% of the measured moments. This
agrees with the observations made by inspection of figure 8.10.
8.4.3 Selectivity of stimulation
In Section 8.3.2, the concept of a complete data set was presented. The subjects who met the
criteria for a complete data set were highlighted in table 8.5. The data sets captured for these
four subjects (B, F, K and L) were used in a group analysis. The other six subjects were omitted
from the analysis as it was possible that their incomplete data sets could skew the group analysis.
Table 8.10 lists the tests that were performed on each of the four subjects during their
respective sessions. The tests that comprised the complete data sets, and were consequently
used in the scatter plots shown in figures 8.12, 8.15 and 8.16, have been indicated. The table
also shows the stimulation pulse width and current amplitude settings used for each subject.
The data was analysed using the peak-to-peak amplitude of the M-waves. However, it
is known that these can be misleading. Merletti et al. [1992] discussed the fact that a given
Table 8.10: Electrode positions and stimulation settings used for the complete data sets.
Subject
Stimulating and reference electrode positions for each
test performed
M-waves captured during tests typeset in bold, were used in
the scatter plots
B V(p), V(k), R(k), S(p), S(k), V(p)
F R(k), V(k), S(k), S(p), R(p), R(k)
K S(p), S(k), V(k), R(k), S(p)
L R(k), S(k), V(k), S(p), R(k)
Stimulation settings
Subject
Maximum Current amplitude (mA)
PWp Standard Rectus Vastii(µs) VM VL
B 200 30 38 30 34
F 200 50 50 30 40
K 400 65 50 50 60
L 400 25 40 20 30
S - Standard position, R - Rectus position, V - Vastii position.
(k) - reference electrode knee, (p) - reference electrode posterior thigh.
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amplitude value may correspond to very different force levels, especially when comparing re-
sults from multiple subjects, while Zhang et al. [2011] pointed out that the relationship between
evoked EMG and muscle force or torque is not constant but in fact time varying.
Consider the original research question:
Is it possible to maximise knee extension moments, Mk, while minimising hip flex-
ion moments, Mh, using selective surface stimulation of the superficial muscles of
the Quadriceps?
The main focus of this analysis was to determine if the major positions were indeed ex-
clusively stimulating the superficial muscles of the Quadriceps, targeted by each of the major
positions. The purpose of the EMG measurements was, therefore, to indicate whether or not the
muscles were being activated. Consequently the absolute amplitude of the M-waves was not
important, but rather the amplitudes, recorded with each of the three major positions, relative
to one another. For this reason, and to make it easier to compare results captured with different
subjects, the M-wave amplitudes were processed in the following way:
• Firstly, the peak-to-peak amplitudes of the M-waves were adjusted for crosstalk as out-
lined in table 8.6.
• Secondly the M-wave amplitudes were normalised. For each subject, the largest M-wave
amplitude measured in the complete data set, irrespective of major position or component
muscle, was found. The M-wave amplitudes, for all 3 muscles, were then normalised with
respect to this maximum value.
Results: M-wave amplitude and stimulation intensity
Figure 8.12 shows a scatter plot of the normalised M-wave amplitudes against stimulation in-
tensity. From table 8.10 we can see that the stimulation settings (pulse width and current ampli-
tude), were quite different for the four subjects. To account for these differences the stimulation
intensity used in the figure was expressed as charge, Q, delivered per stimulation pulse; as cal-
culated in equation 8.1. For the Vastii position, Istim was taken as the mean of Istim VM and
Istim V L.
Q = PWp × Istim (8.1)
Discussion: M-wave amplitude and stimulation intensity
As the stimulation intensity increases, the amplitude of the M-wave will also increase, due to
the recruitment of more motor units [Merletti et al., 1992], up to the point of supramaximal
stimulation. This effect was already seen when stimulating with the Rectus position (refer to
figure 8.5(b)), where the M-waves were grouped according to consecutive stimulation bursts
of the recruitment curve protocol. In figure 8.12 the same trend is seen to be true for all three
major positions.
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Figure 8.12: Normalised peak-to-peak M-wave amplitudes, measured in the Quadriceps muscles, plotted against the charge delivered with each stimulation
pulse, for the three major positions.
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By looking at the scatter plots for the three superficial muscles, we see that certain major
positions result in a larger M-wave, in a given muscle, than another major position. Table 8.11
lists the major positions, for each of the muscles VM, RF and VL, in descending order of M-
wave amplitude. As the recording electrodes were fixed in a certain position throughout the
entire session, it stands to reason that the amplitude of the M-waves measured with each of
the three major positions can be used as an indication of how much the position activated a
particular muscle. In other words, the major position that generated the largest M-wave in a
muscle indicates the position that produced the largest contraction in that muscle.
Table 8.11: Influence of major position on relative size of M-waves, in each superficial muscle
of the Quadriceps group.
Quadriceps Relative M-wave amplitude
muscle Largest Medium Smallest
VM Standard Vastii Rectus
RF Rectus Standard Vastii
VL Vastii Standard Rectus
The expectations behind the three major positions were:
1. The Rectus position selectively stimulated RF.
2. The Vastii position selectively stimulated VM and VL.
3. The Standard position stimulated all three muscles equally, possibly generating as strong
a contraction in each muscle as would be obtained by selectively stimulating the muscles.
Table 8.11 therefore shows that the Rectus position produced the largest contraction in RF,
which agrees with what we would expect to see if Rectus selectively stimulated RF. However,
from figure 8.12 we can see that, for the Rectus position, the normalised M-wave amplitudes
were comparable in VM, VL and RF. Furthermore, the amplitudes for VM and VL were ∼40%
of that seen in both muscles, with either the Standard or Vastii positions. These observations
indicate that the Rectus position did not exclusively stimulate RF, nor did RF respond relatively
more than VM or VL. Nonetheless, using this position did produce the largest contraction in
RF, as well as smaller contractions in VM and VL, compared to those obtained with the other
two major positions.
The Vastii position produced the largest contraction in VL, which once again agrees with
what we would expect to see if VL was selectively stimulated. Even though the Standard
position actually produced the largest contraction in VM, the M-wave amplitudes measured
with the Vastii position were only around 10% less than the Standard case. What stands out for
the Vastii position, is that the M-wave amplitudes in RF were virtually zero.1 These observations
1The zero amplitude measurements were found after adjusting for crosstalk. For the interested reader the same
scatter plots (figures 8.12, 8.15 and 8.16), as well as the EMG curves (figure 8.14), without any crosstalk adjustments,
have been included in Section F.4 of the Appendix. Although the M-wave amplitudes did vary, no differences were
seen in the conclusions that could be drawn.
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imply that the Vastii position did selectively stimulate VM and VL.
With the Standard position, the largest contraction in VM was measured. At a first glance
it seems that the contraction in VL was around 90% of that seen in the Vastii case. However,
upon closer inspection we see that this result was only measured for subject K. For subject F,
the VL M-wave amplitudes (Standard and Vastii) were comparable, while for subjects B and L,
the Standard position contraction was less than 50% of that achieved with the Vastii position.
Furthermore, the RF amplitudes in the Standard case are less than 25% of that measured with
the Rectus position (except for subject K, where the amplitudes for Standard and Rectus were
comparable).
Our expectation was that the Standard position stimulated all three muscles simultane-
ously. These observations indicate that all three muscles are active, however, the size of the
contraction in RF and VL varied between subjects, and in some cases was less than expected.
Results: EMG curves
The selectivity of the stimulation was further investigate using so-called EMG curves. This
involved plotting M-wave amplitude measured in RF against that measured in either VM or VL,
for each of the major positions. Figure 8.13 shows the ideal EMG curves, where the stimulation
is truly selective with only the targeted muscles being activated.
Figure 8.13: EMG curves for the three major electrode positions.
For the Rectus position, M-waves would be measured in RF, without any measurements
(zero amplitude), captured in VM or VL. The opposite would hold true for the Vastii position.
For the Standard position, provided that all three superficial muscles were activated, the EMG
curve would lie between that of Rectus and Vastii.
The EMG curves were found for each of the four subjects (see figure 8.14), using the
normalised peak-to-peak M-wave amplitudes, after crosstalk adjustments. Good selective stim-
ulation was taken to imply that the targeted muscle was exclusively stimulated, with minimal
activation of the adjacent muscles. Moderate selective stimulation was when the targeted mus-
cle responded relatively more than the adjacent muscles.
Consider the very first graph of the figure (EMGRF against EMGVM , subject B). The
Rectus position, although not ideal, is considered to show good selective stimulation of RF.
The Vastii position did selectively stimulate VM, while the Standard position seems to have
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Figure 8.14: EMG curves captured for all three major electrode positions, for each of the 4
subjects with complete data sets.
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produced a result closer to moderate selectivity of VM than the expected non-selective result.
Similar conclusions can be drawn by looking at the second graph (EMGRF against EMGV L,
subject B), with the only exception being that the Standard position produced a non-selective
result. Table 8.12 lists these observations, along with similar observations made for the other
three subjects.
Table 8.12: EMG curve observations.
Major Selective Non-selectiveposition Good Moderate
Standard F, L Ba Bb, K
Rectus B, Fa K Fb, L
Vastii B, F, K, L - -
a EMGRF against EMGVM . b EMGRF against EMGV L.
No differentiation between EMGVM and EMGV L made, if the same conclusions drawn
about selectivity.
Discussion: EMG curves
From the earlier discussion on the scatter plots (figure 8.12), the following points were made:
1. The Rectus position did not appear to selectively stimulate RF.
2. The Vastii position did selectively stimulate VM and VL.
3. The Standard position did stimulate all three muscles, although the size of the contraction
in RF and VL was far less than that expected.
Point 1 agrees with the observations of table 8.12, as the selectivity achieved with the
Rectus position varied from subject to subject. Consequently, on the whole it could not be
concluded that this position was truly selective. Nonetheless, as observed from figure 8.12, the
Rectus position did produce the strongest contraction in RF.
Point 2 agree with the observations listed in the table.
The assumption, throughout this thesis, was that the Standard position stimulated all three
superficial muscles of the Quadriceps simultaneously. From the table, we see that the muscle
activation obtained with the Standard position was not as expected. Depending on the subject
the Standard position showed either good or moderate selectivity of VM or VL; completely
against expectations. Although, for subject K, the expected non-selective result was seen.
If we consider these observations in conjunction with point 3, we can conclude that the
Standard position caused a strong contraction in VM. The size of the contraction in RF and
VL varied between subjects. Therefore, the assumption that all three superficial muscles were
simultaneously stimulated, did not always hold true and was therefore misleading when inter-
preting the moment curves.
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8.4.4 Biomechanical and evoked EMG measurements
Results
The normalised M-waves were plotted against the knee extension moments, Mk, (figure 8.15)
and against the hip flexion moments, Mh, (figure 8.16).
Discussion
Using figures 8.15 and 8.16 it was possible to list the major positions in descending order of
joint moments, as in table 8.13.
Table 8.13: Major positions listed in descending order of joint moments.
Joint moment Largest Medium Smallest
Mk Standard (∼ 65Nm) Vastii (∼ 40Nm) Rectus (∼ 30Nm)
Mh Rectus (∼ 30Nm) Standard (∼ 28Nm) Vastii (∼ 16Nm)
From the table we see that the Standard position produced the greatest knee extension mo-
ments, while Rectus produced the least. From figure 8.15, we make the following observations:
• The large knee extensions, measured with the Standard and Vastii positions, coincided
with large M-waves in VM and VL that were also similar in amplitude.
• The Standard position also showed a strong contraction in RF, when large Mk moments
were measured.
• The Vastii position showed no contraction in RF.
• The Rectus position showed the largest contraction in RF, and the smallest contractions
in VM and VL (as compared against Vastii and Standard).
From these observations we can conclude that the largest knee extension moments occurred
due to the activation of RF, in addition to VM and VL. This agrees with what we would expect
based on our knowledge of the function of the three muscles.
With regards to hip flexion moments, table 8.13 indicates that the Rectus position produced
the largest moment, although only slightly larger than those measured with the Standard posi-
tion. Furthermore, the Vastii position produced the smallest moments. The first impression of
these observations is that this is exactly what was hoped for. However, upon closer inspection
of the hip flexion moments in figure 8.16, we can see that:
• For subject K, the Mh (Standard) values are comparable with those measured with Rectus
(for all four subjects).
• For subjects B, F and L, the Mh (Standard) values are much smaller than those achieved
with either the Rectus or Vastii positions, (different from the overall result shown in ta-
ble 8.13).
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Figure 8.15: Normalised peak-to-peak M-wave amplitudes, plotted against the knee extension moment, for the three superficial muscles of the Quadriceps.
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Figure 8.16: Normalised peak-to-peak M-wave amplitudes plotted against the hip flexion moment, for the three superficial muscles of the Quadriceps.
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Referring back to figure 8.14 and table 8.12, subjects B, F and L tended to show poor
activation of RF with the Standard position. Taking note of this fact, in conjunction with the Mh
observations just made, we can deduce that when the Standard position does stimulate RF, VM
and VL, then using the Vastii position will produce a smaller Mh value. However, it was already
shown that the assumption that the Standard position always stimulates all three muscles was
incorrect. With some subjects it did not stimulate RF; in these cases Mh (Standard) was less
than that measured for subjects where RF was stimulated. Thus, if the Standard position was
not causing a hip flexion moment by making RF contract, the Vastii position, by intentionally
preventing the stimulation of RF, would not reduce hip flexion moments in comparison to the
Standard position.
This erroneous assumption for the Standard position led to the expected moment curves
for the three major positions (figure 8.1). Based on these expectations it was concluded that the
measured moment curves (figure 8.10) showed negative results, when the Standard and Vastii
curves tended to overlap, or if the Standard curve lay beneath the Vastii curve. In retrospect,
these results could be explained by RF not being activated by the Standard position.
Finally, figure 8.16 and table 8.13 show that, even though the Vastii position repeatedly
produced smaller hip flexion moments than Rectus and did not stimulate RF (as the stimulation
was found to be selective), there was still some hip flexion present. In fact, in some cases this
hip flexion was so large that Mh (Standard)<Mh (Vastii), as already mentioned. Two possible
explanations for this, are:
1. The crosstalk adjustment used (25% as in table 8.6), was based on a worst case scenario.
Consequently the adjustment may have been too large, resulting in an RF M-wave ampli-
tude of zero when in fact it may have been non-zero, thereby disguising the fact that RF
was partially active (although much less so than in the Rectus case). A partial contraction
in RF could account for the hip flexion seen with Vastii.
2. Consider the anatomy of the leg (figure 1.1). It is possible that the placement of the
stimulating electrodes for the Vastii position also stimulated the Sartorius and Tensor fas-
ciae latae muscles of the anterior leg. Table 8.14 lists the functions of these two muscles
[Cash, 2000], both of which do perform a hip flexion.
Table 8.14: Muscle functions, reproduced from [Cash, 2000], with permission.
Muscle Action
Anterior leg muscles
Sartorius Flex hip and knee, outwardly rotate and abduct hip,
inwardly rotate knee.
Tensor fasciae latae Abduct hip and slight flexion and inward rotation.
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8.4.5 Conclusion
The research question states:
Is it possible to maximise knee extension moments, Mk, while minimising hip flex-
ion moments, Mh, using selective surface stimulation of the superficial muscles of
the Quadriceps?
From the discussions presented in Sections 8.4.3 and 8.4.4, we can make the following state-
ments in response to the research question:
1. Selective stimulation of VM and VL was possible with the Vastii position.
2. Selective stimulation of RF was not achieved with the Rectus position, although it did
produce a strong contraction in RF and weak contractions in VM and VL.
3. Hip flexion moments were reduced if VM and VL were stimulated and RF was not.
4. In such a situation, knee extension moments were also reduced, as compared against the
Mk values measured during simultaneous stimulation of VM, VL and RF.
We can then conclude that, it is possible to minimise the hip flexion moments, using selec-
tive surface stimulation, although it comes at the expense of reduced knee extension moments.
The implication, with regards to FES cycling, is discussed in Chapter 9.
8.5 Summary
A study was carried out with 10 subjects; evoked EMG was measured while capturing joint mo-
ments with the Bi-moment chair. The resultant moment curves generally showed that the Rectus
position produced the largest hip flexion moments. However, the joint moments measured for
the Standard and Vastii positions varied greatly between subjects, hence no trends could be
identified. The EMG measurements were analysed for only 4 subjects, as the measurements for
the other subjects were rendered unusable due to the presence of stimulation artefact.
For each of the 4 subjects the peak-to-peak M-wave amplitudes were extracted, adjusted
for crosstalk and normalised with respect to the largest M-wave amplitude measured. The
relative amplitude of the M-waves was used to indicate the extent of the contraction present
in the three superficial muscles of the Quadriceps (i.e. the larger the M-wave amplitude, the
stronger the contraction). Table 8.15 lists the main observations that were made from inspection
of the M-wave data.
Prior to the study, the expectations behind the three major positions were:
1. The Rectus position selectively stimulated RF.
2. The Vastii position selectively stimulated VM and VL.
3. The Standard position stimulated all three muscles equally, possibly generating as strong
a contraction in each muscle as would be obtained by selectively stimulating the muscles.
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Table 8.15: Summary of observations made with the M-wave measurements.
Major position influence on M-wave amplitude
Superficial Amplitude in descending ordermuscle
VM Standard > Vastii > Rectus
RF Rectus > Standard > Vastii
VL Vastii > Standard > Rectus
Major position influence on magnitude of joint moments
Mk (Standard) > Mk (Vastii) > Mk (Rectus)
Mh (Rectus) > [Mh (Standard) and Mh (Vastii)]
After the analysis, the following conclusions were drawn regarding selective stimulation:
1. The Rectus position did not exclusively stimulate RF, nonetheless, it did produce the
strongest contraction in RF.
2. The Vastii position did selectively stimulate VM and VL.
3. The Standard position did not always activate all three muscles. For some subjects the
contraction in RF and VL was so much smaller than that seen in VM, that it was more
akin to selective stimulation of VM. (This contradicted the original assumption, and could
have lead to misinterpretation of the moment curves.)
The main conclusions drawn for the joint moments, were as follows:
1. The largest knee extension moments occurred due to the activation of VM, VL and RF
(as seen with the Standard position for some subjects).
2. If only VM and VL (Vastii and Standard positions) were activated, or only RF (Rectus
position), then the knee extension moments were comparable.
3. Mh (Standard) > Mh (Vastii), when RF was activated by the Standard position.
4. Mh (Standard) < Mh (Vastii), when RF was not activated by the Standard position.
Even though the Vastii position did selectively stimulate VM and VL, a hip flexion moment did
still occur. Possible explanations for the presence of this moment are:
1. The crosstalk adjustment was too large, disguising the presence of a contraction in RF
which would produce a hip flexion moment.
2. The placement of the stimulating electrodes in the Vastii position could have also stimu-
lated the Sartorius and Tensor fasciae latae muscles, both of which perform a hip flexion.
The implication of these findings for the research question was that it is possible to minimise
hip flexion moments, using selective surface stimulation, although it comes at the expense of
reduced knee extension.
Chapter 9
Discussion and future work
9.1 Introduction
In Chapter 1 the low power output (PO) and efficiency of SCI cyclists, during FES cycling,
was discussed (PO values of 6W-42W [Duffell et al., 2008; Mohr et al., 1997a] and efficiencies
from 2%-5% [Glaser et al., 1989; Petrofsky and Stacy, 1992], compared against 250W [Reiser
et al., 2002] and 20% [Glaser et al., 1989; Hansen et al., 2002] for AB cyclists). However, the
reason for the poor results is not well understood.
Three hypotheses for these results were discussed, namely muscle activation during stimu-
lation, factors inherent to SCI, and, biomechanical causes, as presented by Duffell et al. [2009].
They went on to disprove the first hypothesis, while using the results of Kjær et al. [1994] and
the analysis of Hunt et al. [2007] it was possible to eliminate the second hypothesis from further
consideration. However, the third hypothesis was supported by a study carried out by Szecsi
et al. [2007], in which a biomechanical analysis of FES cycling was presented. Joint moments
were measured during FES cycling, from which it was shown that, during a cycling revolution,
a knee extension moment (concentric positive power) was measured simultaneously with a hip
flexion moment (eccentric negative power), which resulted in a decrease in the nett PO.
By looking at the anatomical functions of the component muscle of the Quadriceps group,
it was seen that Vastus medialis (VM) and Vastus lateralis(VL) performed knee extensions,
while Rectus femoris (RF) has the dual function of both knee extension and hip flexion. This
gave rise to the research question:
Is it possible to maximise knee extension moments, Mk, while minimising hip flex-
ion moments, Mh, using selective surface stimulation of the superficial muscles of
the Quadriceps?
If such selective stimulation was practicable, it could potentially be used to increase the PO
and efficiency achieved during FES cycling. The approach used in this thesis was to simultane-
ously measure joint moments and evoked EMG, in the superficial muscles of the Quadriceps,
during stimulation with careful placement of the stimulating electrodes, intended to selectively
stimulate target muscles.
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From the resultant body of work there were two main contributions:
1. Development of a system capable of simultaneously measuring joint moments and evoked
EMG signals. The system itself comprised two main parts:
(a) The Bi-moment chair, used to measure joint moments.
(b) The Biphasic stimulator and Blanking amplifier, necessary for capturing evoked
EMG measurements in stimulated muscle.
2. Using the evoked EMG measurements to investigate the selective stimulation of the
Quadriceps muscles, and using these results to answer the research question.
The remainder of this chapter summarises the results and discussions from the earlier
chapters, under the three points listed above. The shortcomings of the system are considered,
as well as possible ways to improve it in the future. The outcome of the research question, and
the implications this has for FES cycling are also discussed.
9.2 Measuring joint moments with the Bi-moment chair
The aim of the selective surface stimulation was to place the stimulating electrodes in such
a manner, that certain muscles were targeted. To this end, three different placements of the
electrode were used, referred to as the major positions (figure 4.1):
1. Standard, intended to simultaneously stimulate RF, VM and VL (typical electrode place-
ment used in FES cycling).
2. Rectus, intended to selectively stimulate RF.
3. Vastii, intended to selectively stimulate VM and VL.
Vastii was the position of interest, as by stimulating VM and VL without RF, it was hoped
to produce a knee extension moment with a hip flexion moment smaller than that generated by
the Standard and Rectus positions, in which RF was stimulated. It was therefore necessary to
measure the joint moments, during stimulation with each of the major positions.
It was decided to measure the joint moments in a seated subject, as opposed to during
FES cycling, as the biomechanical analysis of a static action (seated subject) only requires the
kinetic variables to be measured, while a dynamic action (cycling) also requires kinematic and
anthropometric data. Furthermore, the aim of the investigation was to determine the influence
of the major positions on the joint moments, for which the static analysis would be sufficient.
9.2.1 The system developed to measure joint moments
The Bi-moment chair
The Bi-moment chair was designed to simultaneously measure moments about the hip joint
centre (HJC) and knee joint centre (KJC) of a seated subject. This was accomplished by using
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strain gauge transducers to measure a shank force, Fs, and a thigh force, Ft. Direction vec-
tors (Dkpfs, Dhpfs, Dhpft), describing the orientation of the force vectors relative to the joint
centres, were calculated from position measurements relative to the chair’s reference frame.
Changes in positions were monitored using custom built position sensors known as spring pots.
The knee extension moment, Mk, and the hip flexion moment, Mh, could then be calculated:
Mk = Dkpfs × Fs Mh = Dhpfs × Fs −Dhpft × Ft (9.1)
The biomechanical analysis used in the Bi-moment chair made the following assumptions:
1. The restraining straps were sufficient to ensure that stimulation of the Quadriceps caused
no movement in the COM of the shank or thigh, thereby allowing gravitational forces to
be omitted from the static freebody analysis.
2. The position of the ASIS (an anatomical landmark, the position of which was used to
determine the position of the HJC), was constant, based on the fact that the subject was
held in place by a number of straps, thereby minimising movement of the HJC during
stimulation.
3. No lateral movement in the KJC, as the subjects were positioned in the chair in such a
way as to minimise lateral movement of the leg during knee extension.
4. No lateral movement the position of point pft, (used to find Dhpft).
5. sp2 positioned directly above the KJC.
6. String between sp2 and the KJC lies parallel with the cord between the thigh and SG1.
7. The subject was seated in the chair such that the position of the KJC and HJC had the
same z-coordinate.
8. The dimension measurement lt, lies parallel to the sagittal plane thereby implying that
the zˆ offset of the HJC from the GT is the same as the zˆ offset of the KJC from the lateral
KJC.
Measurement errors
The measurement errors, inherent to the Bi-moment chair, were investigated. This involved
identifying the random and systematic errors associated with the strain gauge transducers, the
spring pots, other position and dimension measurements taken with respect to the chair’s refer-
ence frame, and the 3 assumptions used in the biomechanical analysis. The individual influence
that each of these errors have on the joint moment calculations was found, by introducing the
errors into an actual data set and finding the percentage difference in the final result.
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From these results it was possible to find an expression for the overall uncertainty in the
joint moments, shown in equation 9.2.
σMk ≈ 0.01 ·Mk + 0.66 σMh ≈ 0.07 ·Mh + 0.74 (9.2)
By using these expressions to estimate the uncertainty of a typical set of joint moment
measurements captured with the Bi-moment chair, the following conclusions were drawn:
1. The overall uncertainty due to random and systematic errors was not large enough to
obscure differences in the results captured for the three major positions (figure 3.13).
2. The absolute magnitude of the joint moments could be shifted due to the presence of a ro-
tational error (the clockwise or counter-clockwise rotation of the moment curves, refer to
figure 3.13(b)). Consequently, it was recommended that the measurements captured with
the Bi-moment chair be used for a comparative analysis, with all three major positions
tested during a single session.
9.2.2 Critical evaluation of the Bi-moment chair
Rotational error
The error analysis carried out on the chair showed that it was possible for a rotational error to
be present in the final joint moment measurements. However, by ensuring that all three major
positions were tested in a single session, with one subject, the presence of such an error would
not lead to erroneous conclusions being drawn in a comparison of the major positions.
However, this was not necessarily true when comparing the moments captured from dif-
ferent subjects. Consequently this did cast doubt on inter-subject analyses. Whenever possible,
trends seen in the results between different subjects were used to draw conclusions, as opposed
to using absolute measurements of the moments.
Force measurements
During calibration of the strain gauge transducers, weights were suspended from the transducers
(see figure 2.7(a)). This meant that the forces were applied at right angles to the U-bar, to which
the foils were attached. During the experiments with the Bi-moment chair, it was possible that
the forces were actually applied at oblique angles. The influence that this would have on the
force measurements was not known.
To improve the accuracy of the force measurements it would therefore be necessary to cali-
brate the transducers over a range of oblique angles. This data could then be used, in conjunction
with the orientation of the directional force vectors (equation 2.20), to adjust the measurement
of the force magnitude accordingly.
SCI subjects
When building the Bi-moment chair, it was originally intended for use with both AB and SCI
subjects. However, after performing the studies with the AB subjects, it was found impractical
for the chair to be used with SCI subjects.
9.3. Evoked EMG measurements 243
• The reference frame within which the chair was constructed, which was necessary for
the position measurements, also made it cumbersome to physically get in and out of the
chair. This would be even more problematic for SCI subjects.
• The stimulation experienced by the subjects during the initial setup phase (constant stim-
ulation carried out at the start of each session during which Istim and PWr settings were
found), would severely fatigue SCI subjects.
• During the course of the session the subject was required to sit in the chair without mov-
ing. The session lengths were very long, as it included the measurement of the initial
position and length measurements, the MVC and FF tests, and, the recruitment curve
protocol tests. As SCI subjects need to shift their weight every few minutes, to prevent
the occurrence of pressure sores, it was not practical for them to sit in the chair for the
required time period.
9.2.3 Future work
For the Bi-moment chair study to be carried out with SCI subjects, it is suggested to only use
the chair to capture force measurements, and to rather use the Codamotion analysis system to
capture the position measurements. Unfortunately this would mean that the Bi-moment chair
was no longer a stand alone apparatus, however, it would have two advantages:
1. The initial position and length measurements, taken at the start of each session, which was
a lengthy procedure, would be eliminated. However, just how much this would shorten
the session would depend on how long it takes to set up the Codamotion system and to
place the relevant markers. Nonetheless, it is expected that once the setup procedure with
the Codamotion system has been investigated, it would be possible to place the majority
of markers prior to the session, with only a few markers to be placed on the subject at the
start of each session.
2. Using the Codamotion system to continually monitor the subjects position during the
session would eliminate the need for them to hold still, thereby allowing the SCI subjects
to move as required.
9.3 Evoked EMG measurements
It was necessary to measure evoked EMG signals in the superficial muscles of the Quadriceps
(RF, VM and VL) during stimulation. This required that the recording electrodes be placed
between the stimulating electrodes, a configuration that is known for its difficulty in capturing
the desired EMG signals.
Immediately after a constant-current stimulation pulse, a residual charge remains on the
electrodes due to the polarisation of the electrode-skin interface. The interface can be mod-
elled as the parallel combination of a resistor and capacitor, in series with a second resistor
(figure 7.7). The electrode polarisation is equivalent to charge accumulating on the capacitor.
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As the interface capacitance discharges, it is possible for a discharge current to flow through the
tissue and the stimulator (depending on the stimulator design), creating a potential difference
across the recording electrodes, which will appear as a stimulation artefact at the amplifier out-
put. This situation can be avoided by using a biphasic stimulation pulse, with pulse width ratio
adjustment, to reduce the residual charge on the electrodes at the end of a stimulation pulse
[Nilsson et al., 1988; Reichel et al., 2001; Spencer, 1981].
It is also possible for the EMG amplifier to saturate, due to the large voltage seen at its
input stage [Sedra and Smith, 1998], caused by the stimulation pulse. The latency of evoked
M-waves, when placing the recording electrodes between the stimulating electrodes, has been
measured at∼5ms [Bruun and Haxthausen, 1991]. It is therefore likely that the amplifier would
not recover from saturation fast enough to be able to measure the M-wave. To avoid this prob-
lem, it is necessary to use a switching scheme at the amplifier input stage.
9.3.1 The system developed to measure evoked EMG
The Biphasic stimulator
A 2-channel, biphasic, constant-current stimulator, with pulse width ratio (PWr) adjustment
capability, as needed for stimulation artefact elimination, was designed and constructed.
The user was able to vary the stimulation current amplitude, period, pulse width and PWr
settings. The stimulator was capable of producing continuous stimulation, or the recruitment
curve protocol required by the Bi-moment chair study (see Section 4.2.2 or 8.2.3). Care was
taken during the design of the electronics, as well as the component and PCB layout, to ensure
that the stimulator did not create a connection between the subject and earth, thereby meeting
electrical safety requirements.
During development of the stimulator, two problems arose, both of which were addressed (Sec-
tion 5.5.1):
1. A soft-switching scheme was introduced in the full bridge output stage to eliminate os-
cillations seen in the stimulation pulse.
2. A drop in the 200V rail was prevented by using two 200V converters for the output stage.
Two limitations of the stimulator were also identified:
1. The stimulator was unable to produce a true monophasic pulse, even when the PWr
setting was reduced to 0% (Section 5.5.2).1
2. The presence of a residual voltage across the blocking capacitor resulted in a current
flowing through the discharge resistor, between stimulation pulses (Section 5.6.1).
1For the Bi-moment chair study in which the stimulator was used, this limitation was inconsequential. However,
it was mentioned here for the benefit of others who may wish to use the stimulator design for other applications.
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The Blanking amplifier
To prevent the amplifier from saturating, a current conveyor circuit [Bruun and Haxthausen,
1991] was used at the input stage, which temporarily shut the amplifier down, prior to a stimu-
lation pulse. For a period of time, longer than the duration of the pulse, the amplifier was unable
to measure any signals present at the input terminals, which was referred to as the blanking in-
terval.
The amplifier consisted of three such input stages, as well as an additional amplification
and isolation stage, for each input. The combination of an input stage, an amplification stage
and an isolation stage were referred to as EMG amplifiers, while all three EMG amplifiers
together were referred to as the Blanking amplifier (see figure 6.2).
The EMG amplifiers were used to simultaneously measure EMG signals in each of the
three superficial muscles of the Quadriceps. The three amplifiers had a bandwidth of 3Hz-
1kHz, variable gain of 51-96dB and a CMRR of 50-60dB. As with the stimulator, design of the
electronics, and, component and PCB layout was such that the subject remained isolated from
earth at all times.
During development a few performance issues were found, and, where possible addressed:
1. Switching spikes, attributed to capacitive coupling between analog and digital signal
lines, were reduced by introducing shielded cables and changing the layout of the PCB
tracks (Sections 6.3.2 and 6.3.3).
2. High frequency interference, caused by the DC-DC switching converters, was eliminated
by removing the converters from the main amplifier box and placing them in a separate
power supply unit (Section 6.3.1). The noise was further reduced by introducing low pass
filters into the amplifier design (Section 6.4.2).
3. The transient response of the amplifiers, for both DM and CM input voltages, were mea-
sured (Section 6.5.3). The responses were found to be a bandpass characteristic of the
output filter, which was also responsible for the occurrence of the blanking interval re-
sponse (a transient response seen to be present when the blanking interval voltage level
was not adjusted to the same level as that measured immediately before and after the
blanking interval, Section 6.5.2).
The Stimulator-Body-Amplifier system
A number of mechanisms cause stimulation artefact. However, exactly which mechanisms are
at work depends on the system consisting of the stimulator, amplifier and tissue being stimu-
lated. Such systems need to be evaluated individually, and the relevant causes of stimulation
artefact identified.
For the system including the Biphasic stimulator and the Blanking amplifier, there were
three main causes of stimulation artefact:
1. Voltage gradient (Section 7.2).
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2. Electrode-skin interface (Section 7.3).
3. Common mode voltage (Section 7.4).
The first two causes are related. A voltage gradient is set up in tissue when current flows
from an anode, through the tissue, to a cathode. In the application discussed here, where the
recording electrodes are placed between the stimulating electrodes, the voltage gradient would
create a potential difference between the recording electrodes. If there is a path for current
to flow between stimulation pulses, such a potential difference at the amplifier input would
appear as stimulation artefact at the amplifier output. In the case of the Biphasic stimulator,
the blocking capacitor and discharge resistor found in the output stage, created just such a path.
The discharge current arose due to residual charge, at the end of a stimulation pulse, remaining
across the blocking capacitor and the capacitance of the electrode-skin interface of the two
stimulating electrodes.
By adjusting the pulse width ratio, the total residual voltage was forced to zero, thereby
preventing a discharge current from flowing and eliminating the stimulation artefact. A PSPICE
model revealed that such a PWr setting actually caused a wave-like response in the discharge
current, due to different amounts of residual charge remaining on each stimulating electrode
and the blocking capacitor, even though the overall residual voltage was zero. However, the
short time constants inherent to the electrode interface prevented the transient response of the
discharge current from being mistaken for an M-wave (figure 7.11(b)).
The common mode voltage referred to the potential difference between the recording elec-
trode and the reference electrode. If the amplitude of this voltage exceeded the common mode
rejection range of the amplifier, the inherent transient response of the amplifier resulted, which
appeared as stimulation artefact at the amplifier output. In such a case, changing the PWr
setting had no effect on the stimulation artefact. Instead, it was eliminated by reducing the am-
plitude of the common mode voltage, either by careful placement of the reference electrode, or,
by using clamping diodes to limit the common mode voltage at the amplifier input.
A second way in which common mode voltage could produce stimulation artefact was if
there was a mismatch in impedance at the amplifier input terminals, which would result in a
differential mode voltage seen by the amplifier.
Even though the discharge current and common mode voltage were the route causes of
stimulation artefact with the Stimulator-Body-Amplifier system used, they were not responsible
for the shape of the artefact. The shape of stimulation artefact due to discharge currents and
voltage gradients were similar to the DM transient response of the amplifier. The measured time
constant of ∼10ms was caused by the bandpass characteristic of the output filter. The shape of
the common mode voltage stimulation artefact was similar to the CM transient response of
the amplifier. The measured time constant, ranging from 15ms-20ms, was caused by the CM
response inherent to the current conveyor, as well as the bandpass characteristic of the output
filter.
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9.3.2 Future work
Artefact free Stimulator-Body-Amplifier system
The blocking capacitor, Cb, and the discharge resistor, Rd, were originally included as part of
the stimulator’s output stage to provide charge balancing between the two phases. The capacitor
served an additional safety function by preventing large DC currents from flowing if the stim-
ulator were to fail short circuit. However, the inclusion of both these components also created
a path for the discharge current to flow, thereby causing the stimulation artefact. In retrospect
this was a flaw in the design of the stimulator, as at the time we had not realised that the resid-
ual charge on Cb and the electrode-skin interface, would spoil the system performance. A few
suggestions are made to improve the system:
1. By removing Rd from the output stage, there would be no path around the stimulator
circuit for the discharge current to flow. The blocking capacitor, Cb, should remain, as
it performs an important safety function. However, this would mean that charge would
accumulate on Cb. To prevent this, the voltage across Cb, between stimulation pulses,
would need to be measured, as shown in figure 9.1. This could then be used to alter the
charge in the next pulse pair to drive the residual voltage to zero.
Figure 9.1: Proposed changes to stimulator output stage.
A danger in this method is that one input to the new amplifier, is connected to the patient-
side of the blocking capacitor, which risks allowing DC through that pathway. In the
figure resistors have been placed in series with the amplifier inputs. These are intended
to have a high impedance, so as to limit the fault current.
2. The voltage gradient that is present during the stimulation pulse will cause current to flow
through the recording electrode circuit and this will later discharge causing an artefact.
One possibility would be to have electronic switches immediately after the electrodes
which are opened throughout the blanking period.
3. The stimulation artefact due to common mode voltage, was in part attributed to mis-
matches in the component values used for the input filter (figure 6.5). At present the
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200kΩ resistors had a tolerance of ±1%, and the 470nF capacitors had a tolerance of
only ±10%.
One option would be the use of precision components for the input filter, thereby reducing
the mismatch. Alternatively the input filter could be entirely removed from the amplifier
circuit. However, that would have the effect of increasing the input impedance of the am-
plifier, as it would now be determined by the input impedances of the AD844 ICs. Such
a change could make the system more susceptible to stimulation artefact due to magnetic
coupling between the stimulating and recording leads [McLean et al., 1996; Scott et al.,
1997], consequently a reduction in the stimulation artefact may not be achieved.
In either case, improving the mismatch in the input filter would have no influence on the
mismatch inherent to the recording electrodes. However, it could improve the CMRR of
the EMG amplifier (measured at 50-60dB, refer to figure 6.27).
4. To further combat the stimulation artefact, caused by common mode voltage, the ampli-
fier specification should have a CM range as large as possible. For the Blanking amplifier,
the CM range was determined by the current conveyor circuits and the AD844 ICs. In
Section 6.4.1 it was discussed how the CM range of these ICs, which is determined by
their supply rails, was increased to the maximum possible of±15V. For a further increase
in CM range it would be necessary to investigate using a different switching scheme at
the amplifier input.
5. The bandpass characteristic of the output filter (figure 6.5) was responsible for shaping
the stimulation artefact. By removing this filter the time constant of the artefact could
be drastically reduced, however, the EMG signal would contain more high frequency
interference caused by the DC-DC converters. Nonetheless, it would still be possible to
identify M-waves measure peak-to-peak amplitudes (figure 6.25(c)).
Preventing crosstalk
In Chapter 8, the final M-wave measurements were adjusted for crosstalk, as the input stage of
the Blanking amplifier, a single differential (SD) stage, is known to be susceptible to crosstalk.
In the literature a double differential (DD) input stage was often used to reduce this susceptibil-
ity [De Luca and Merletti, 1988; Koh and Grabiner, 1993; Merletti et al., 1992]. The feasibility
of converting the current conveyor circuit into a DD input stage would need to be investigated.
However, it might be necessary to replace the current conveyors with a different input stage
altogether.
Regardless of the switching scheme, using a DD stage increases the number of recording
electrodes from 2 to 3 (refer to figure 1.5(b)). It is likely that this would make the system
more susceptible to stimulation artefact, as the additional electrode would have residual charge
after the stimulation pulse, contributing further towards the discharge current. Furthermore,
three electrodes physically occupy more space than two, this means that the potential difference
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between the outer two electrodes would be greater than a setup with just two electrodes, in the
presence of the same voltage gradient. This could also increase the system’s susceptibility to
stimulation artefact.
9.4 The research question
The research question was investigated by measuring joint moments produced with each of the
three major positions. The expectations behind the major positions were:
1. The Rectus position selectively stimulated RF, producing both a knee extension and a hip
flexion moment, due to the bi-articular nature of RF.
2. The Vastii position selectively stimulated VM and VL, producing a knee extension mo-
ment, due to the mono-articular nature of VM and VL.
3. The Standard position stimulated VM, VL and RF equally, producing both a knee exten-
sion and a hip flexion moment. The hip flexion moment was expected to be smaller than
in the case of Rectus, but greater than that measured with Vastii.
The relative amplitude of the M-wave measurements, in the three superficial Quadriceps
muscles during stimulation with each of the major positions, was to indicate just how selective
each of the positions actually were. However, from the work of Knaflitz et al. [1988], Farina
et al. [2002] and Solomonow et al. [1994] it was found that at most 25% to 28% of the EMG
signal in the stimulated Quadriceps muscle can appear as crosstalk in the non-stimulated mus-
cles. The presence of such crosstalk in the measurements could lead to erroneous conclusions
being drawn about the co-activation of the muscles. To prevent such a scenario it was decided
to adjust the M-wave peak-to-peak amplitudes to account for crosstalk:
• Standard - No adjustment for crosstalk as all three muscles (RF, VM and VL) are stimu-
lated.
• Rectus - 25% of M-wave amplitude measured in RF subtracted from amplitude of M-
waves measured in VM and VL.
• Vastii - 25% of M-wave amplitude measured in either VM or VL, whichever is larger,
subtracted from amplitude of M-wave measured in RF.
The M-wave amplitudes were also normalised with respect to the largest M-wave measured
during a session, irrespective of major position or component muscle.
9.4.1 Study results
The results were used to produce moment curves (Mh plotted against Mk, as in figures 4.6 and
8.10). The main observations made from these plots were:
1. The Rectus moment curve lay above those of the Standard and Vastii positions, as Rectus
produced the largest hip flexion moment. This agreed with expectations.
9.4. The research question 250
2. The Standard and Vastii moment curves tended to overlap. Vastii did not produce a
reduction in hip flexion moment, as compared against that produced with the Standard
position. This was contrary to expectations.
The results were also used to produce EMG curves (M-wave amplitude measured in RF plotted
against that measured in either VM or VL, see figure 8.14). The main observations seen here
were:
1. For the Standard position the results varied greatly between subjects. Some subjects
showed co-activation of VM, RF and VL, while other subjects tended to show activation
predominantly of VM.
2. The results also varied between subjects for the Rectus position. Co-activation of all three
muscles was seen, or, activation was predominantly seen in RF.
3. The Vastii position showed activation of VM and VL only.
9.4.2 Discussion and conclusions
The following conclusions were drawn from the EMG curves, regarding selective stimulation
(Section 8.4.3):
1. The Rectus position did not selectively stimulate RF, nonetheless, it did produce the
strongest contraction in RF.
2. The Vastii position did selectively stimulate VM and VL.
3. The Standard position did not always activate all three muscles. For some subjects the
contraction in RF and VL was so much smaller than that seen in VM, that it was more
akin to selective stimulation of VM. (This contradicted the original assumption, and could
have lead to misinterpretation of the moment curves.)
By considering what had been learnt from the M-wave measurements, in combination with the
joint moments, Mk and Mh, the following conclusions were reached (Section 8.4.4):
1. The largest knee extension moments occurred when VM, VL and RF were simultaneously
activated.
2. Activation of only VM and VL (Vastii and Standard positions), or only RF (Rectus posi-
tion), produced knee extension moments comparable in magnitude.
3. When RF was activated by the Standard position, a larger Mh was measured with the
Standard position than with the Vastii.
4. When RF was not activated by the Standard position, a smaller Mh was measured with
the Standard position than with the Vastii.
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If the stimulation with the Vastii position exclusively activated VM and VL, there should have
been no hip flexion moment measured. However, this was not the case. Two possible explana-
tions are:
1. The crosstalk adjustment was too large, thereby reducing the RF M-wave amplitudes to
zero, when in actual fact a non-zero amplitude would have indicated a slight activation of
RF.
2. The Vastii position could have also stimulated the Sartorius and Tensor fasciae latae mus-
cles, both of which perform a hip flexion.
Finally, these results were used to make a few points regarding the research question:
Is it possible to maximise knee extension moments, Mk, while minimising hip flex-
ion moments, Mh, using selective surface stimulation of the superficial muscles of
the Quadriceps?
The last part of the research question enquires about using surface stimulation to selec-
tively activate target muscles. From the work presented it was seen that selective stimulation of
VM and VL was possible with the Vastii position. However, the Rectus position did not selec-
tively stimulate RF, although it did produce a strong contraction in RF and weak contractions
in VM and VL.
Regarding the joint moments, it was found that hip flexion moments were reduced if VM
and VL were selectively stimulated with the Vastii position. However, this did coincide with a
reduction in the knee joint moments.
9.4.3 Shortcomings of the Bi-moment chair study
One of the shortcomings of the study was that the causes of the artefact and the various methods
used to eliminate it, were being learnt about while the study was being executed, often due to
unanticipated problems requiring modifications. Consequently the methods used to eliminate
the stimulation artefact, and the effectiveness of this artefact elimination was not consistent for
all 10 subjects. This meant that there was inconsistencies in the protocol used during the study.
Furthermore, of the 10 subjects who participated in the final study, a complete data set (as used
in the M-wave analysis) was only captured for 4 subjects.
A second shortcoming, is that the study was only carried out with AB subjects, who are
unable to withstand the same stimulation current amplitudes typically used by SCI cyclists (40-
110mA for SCI cyclists [Perkins et al., 2001], as compared against 20-65mA with AB subjects
A-L). As the current intensity increases, the region in which nerve fibres are stimulated also
increases, thereby recruiting more muscle fibres, including those from adjacent muscles. It is
therefore uncertain if similar results for selective stimulation would be seen at the higher current
amplitudes of the SCI cyclists.
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9.4.4 Implications for FES cycling
Recall that in the results of Szecsi et al. [2007] a knee extension moment was measured si-
multaneously with a hip flexion moment, during FES cycling. The knee extension moments
produced concentric positive power, while the hip flexion moment produced eccentric negative
power. The nett effect, or power output (PO), would therefore be increased if the hip flexion
moment could be reduced. Furthermore, metabolic energy is expended to produce both the
knee extension and hip flexion moments. Therefore, by reducing the hip flexion moment, an
improvement in the cycling efficiency should also be seen.
When the research question was phrased, the original intent was to use the Vastii position,
during FES cycling, to reduce Mh. The outcome of the study showed that it was possible to
selectively stimulate VM and VL. However, whether this would result in an improvement in the
PO and efficiency is still unclear, because:
1. In the studies of Perkins et al. [2001] and Szecsi et al. [2007] the Standard position was
used during FES cycling to simultaneously stimulate the component muscles of Quadri-
ceps. In this thesis, it was shown that the Standard position did not always activate VL
and RF for a seated subject, as expected. As the aforementioned studies did not include
evoked EMG measurements during cycling, we do not know if the hip flexion moment
measured by Szecsi et al. [2007] was due to the activation of RF, or some other muscle
such as Sartorius.
Consequently, the effectiveness of using the Vastii position during cycling to reduce Mh,
would probably vary between cyclists. If the Standard position did activate RF, then a
reduction in Mh would be seen when using the Vastii position. In cases where RF was
not activated, this would not necessarily hold true.
2. The knee extension moments produced by the Vastii position were much smaller than
those measured with the Standard positions (when RF was activated). This could result
in a decrease in concentric positive power, as well as the eccentric negative power, hence
producing no improvement in the PO.
Originally, the Rectus position was only intended as a control, the results of which could be
used to compare against those of the Standard and Vastii positions. However, it may be feasible
to use both the Rectus and Vastii positions to stimulate the Quadriceps during FES cycling. If
we consider the results of Hakansson and Hull [2005] and Johnston et al. [2007], we see that
during recumbent cycling with AB subjects there is a period during the cycling revolution in
which both VM and VL, as well as RF, are activated (refer to figure 1.2). For FES cycling, it
would be possible to better control when RF is activated relative to VM and VL, by using both
major positions. This could potentially produce the desired reduction in Mh, without losing
any Mk.
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Appendix A
Bi-moment chair design and construction
A.1 Data acquisition card
A DAQ6024E from National Instruments was used as the data acquisition card. The sampling
rate of the card was set to 111Hz. The sampling rate was chosen so as not to be a multiple of
50Hz mains or one of the stimulation frequencies (20Hz, 33Hz or 50Hz) thereby preventing
aliasing noise appearing in the measured data.
According to the user manual the DAQ6024E has an analog-to-digital converter resolution
of 12-bits and can support 16 Analog Input (AI) channels with single-ended connections, or 8
AI channels with differential connections. The specifications also state that differential input
connections should be used for any channel that meets any one of the following four conditions:
1. “The input signal is considered to be low level (less than 1V).”
2. “The leads connecting the signals to the device are greater than 3m.”
3. “The input signal requires a separate ground-reference point or return signal.”
4. “The signal leads travel through noisy environments.”
As the connections to the sensors in the dynamometer were required to be of consider-
able length, and the range of measurements could easily drop below 1V it was decided to use
differential input connections. This gave a total of eight available input channels, 4 that were
assigned to the spring pots, 2 to the strain gauge transducers and 2 to the pulse width recorder.
According to the manual, differential input connections had the added benefits of “reducing
picked up noise and increasing common-mode noise rejection”.
It was also decided to use ground-referenced signal sources, which means that the signals
have the same ground reference as the computer in which the DAQ6024E is installed. A diagram
of the ground-referenced signal source connection is shown in figure A.1.
The input range of the DAQ6024E can be selected by changing its gain setting. The drivers
used in the Simulink program did not allow the gain setting of each channel to be individually
selected. As a consequence the same gain setting had to be used for the spring pots, strain gauge
transducers and the pulse width recorder. A gain setting of 1.0 was selected, which resulted in
an input range of ±5V, and a measurement precision of 2.44mV.
The pinouts of the DAQ6024E are shown in figure A.2.
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Figure A.1: Differential input connections for the DAQ6024E ground-referenced signals, re-
produced from NI [2000], with permission.
Figure A.2: Pinout of the NI DAQ6024E, reproduced from NI [2005], with permission.
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A.2 Stimulation equipment
A.2.1 Optoisolator
Initially a fully integrated optoisolator, was used. However, this optoisolator was seen to intro-
duce an offset into the strain gauge amplifier outputs whenever the stimulator was switched on.
This was possibly due to the propagation of noise along the ground paths via the optoisolator,
which implies that the integrated component did not provide proper isolation. This problem was
overcome by using another optoisolator, the circuit diagram of which is given in figure A.3.1
Figure A.3: Optoisolator circuit diagram.
A.2.2 Pulse width recorder
Figure A.4 shows the circuit diagram of the pulse width recorder, designed by Mr Tim Perkins.
The 4N25 optoisolator ensures that the stimulator remains isolated from the sensor electronics
box. The complete pulse width recorder consisted of two of these circuits, one for each of the
required stimulation channels.
Figure A.4: Pulse width recorder circuit diagram.
1I’d like to acknowledge Mr Tim Perkins for the design of the replacement optoisolator.
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A.3 Sensor electronics box
A.3.1 Spring pot circuitry
The four spring pots (each constructed using a 5kΩ potentiometer) were connected between
the ±5V rails, as shown in figure A.5. The 100Ω resistors were used to drop the voltage rails
between which the spring pots operate to ±4.3V. This was necessary as the DAQ6024E could
potentially be damaged if an input voltage exceeded its selected input range. It was also found,
that voltage measurements close to the limits of the input range (i.e. measurements close to
±5V) tended to be clipped. The introduction of the 100Ω resistors in series with the spring pots
prevented this from happening, thereby avoiding inaccuracies being introduced into the spring
pot measurements through the clipping.
The pinouts of the DAQ6024E, and the connector block, (refer to Section A.3.4), to which
each of the spring pots was connected, are shown in the circuit diagram.
Figure A.5: Spring pot circuitry.
A.3.2 Strain gauge amplifiers
Shell [1990] presented a high-accuracy bridge amplifier, that cancels common-mode error,
which was in turn used by Yu [1999] to amplify strain gauge signals. The same circuit, shown
in figure A.6, was used for the strain gauge transducer signals in the Bi-moment chair.
Figure A.6: Strain gauge amplifier circuit diagram, after Shell [1990], with permission, and Yu
[1999], with permission.
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The TIP47 NPN transistor supplied the current required by the strain gauge. The emitter re-
sistance of 68Ω was selected so that the the strain gauge would operate between approximately
±5V. This resistor was realised with a planar resistor that had a high power rating, which was
mounted to a heat sink to compensate for the current requirements of the strain gauge.
The amplifier output was connected to the DAQ6024E through a 68kΩ current limiting
resistor. The output was also passed through a simple voltage clamp to ensure that the amplifier
output did not exceed the ±5V input range of the DAQ6024E, as the amplifier itself operated
between ±12V rails.
The offset and gain resistor values of the amplifier were individually selected for each
strain gauge transducer to accommodate for the large difference in expected magnitude of the
forces, Ft and Fs.
In figure 2.2, SG1 is connected to the thigh by means of a rigid support. While, the subject
is at rest, SG1 would thus need to support the entire weight of the rigid support and the mass
of the lower limb. Any force, Ft, exerted on SG1 during a contraction would either add to or
subtract from this initial weight, depending on the direction of the applied force. According to
Winter [2005], the weight of the lower limb can be approximated as 0.161mtotal, where mtotal
is the subject’s total body mass. The weight of the rigid support is approximately 1kg. Taking
these factors into account, for an average mtotal of 80kg, and roughly estimating the magnitude
of Ft to be 100N, the measurement range of the SG1 amplifier would therefore need to be
approximately 250N.
In the case of SG2, it would only be measuring the magnitude of Fs, as it does not support
any weight initially. In Duffell et al. [2009], the knee extension moment measured for two AB
subjects, during electrical stimulation, was approximately 145Nm. This was at a stimulation
intensity such that the force realised was 40% of the measured MVC force for each of the sub-
jects. Assuming the subjects had an average total height, htotal, of 1.7m, the distance between
their KJC and ankle joint can be approximated as 0.246htotal [Winter, 2005]. This implies that,
if force Fs is applied 5cm above the ankle joint, the magnitude of Fs needed to generate a knee
extension moment of 145Nm, would be 394N. It was therefore necessary for the SG2 amplifier
to measure over a range of roughly 400N.
The offset and gain resistor values selected to meet these requirements were experimentally
Table A.1: Offset and gain resistor values.
Resistance SG1 (kΩ) SG2 (kΩ)
Rgain 1 56 20
Rgain v 10 10
Roff 1 7.5 7.5
Roff 2 - -
Roff 3 47 47
Roff v 10 10
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determined by suspending a 15kg weight from the transducers, measuring the amplifier output
and adjusting the resistor values accordingly. The selected values are shown in table A.1. It
should be noted that for both amplifiers, resistor Roff 2 was replaced with a short circuit.
The actual force range that could be measured over±5V, for each of the strain gauges was
later measured to be approximately 400N for SG1 and 1.3kN for SG2.
A.3.3 Power supply
A simple, transformer based, power supply was designed for the spring pots, the strain gauge
transducers and the pulse width recorder of the Stanmore stimulator. It was decided to build a
single power supply for all of these parts in order to limit the switching noise that would have
been introduced into the system if each part utilised its own switch-mode power supply, as was
originally the case. The circuit diagram of the power supply can be found in figure A.7. The
voltage rails and current specifications required of the power supply, for each part, are given in
table A.2. The current requirements were obtained through measurement of the current supplied
to each part during operation.
Figure A.7: Power supply schematic.
Table A.2: Power supply specifications.
Part Voltage rails Current rating
Spring pots ±5V 10mA
Strain gauge amplifiers +5V and ±12V 500mA
Pulse width recorder +18V 50mA
As the current requirements for the +18V rail was relatively low compared to that required
by the ±5V and ±12V rails together, it was decided to effectively split the power supply into
two by utilising two transformers. In so doing the power rating of the transformer supplying
the +18V rail was kept as low as possible. Power supply design is well known, and the basic
procedure that was followed here can be found in Horowitz and Hill [1989].
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Table A.3: Transformer design.
Step 12V rail transformer 18V rail transformer
Required output voltage (Vreq) 12V 18V
Dropout voltage (Vdropout) 3Va 5Vb
5% ripple voltage (Vripple)c 0.8V 1.2V
Diode forward voltage ripple (VF )d 1.1V 1.1V
Transformer peak voltagee 18V 26.4V
Transformer rms voltage 12.7V 18.6V
a The maximum dropout voltage for the KA317 when supplying at least 1.5A, as indicated in the datasheet.
b A dropout voltage of 5V was taken as more than sufficient for the 78XX and 79XX voltage regulators.
c (Vreq + Vdroupout)
(
1
1−0.05 − 1
)
d As specified in the datasheet, note that 2VF must be used to account for full wave rectification.
e Vreq + Vdroupout + Vripple + 2VF
Table A.4: Output capacitor design.
Step 12V rail transformer 18V rail transformer
Transformer voltage rating 15Vrms 18Vrms
Peak voltage (Vpeak) 21.2V 25.5V
Rectified voltage (Vrec)a 19.0V 23.3V
Ripple voltage (Vripple)b 1.9V 1.2V
Maximum rms currentc 670mA 89mA
Maximum peak current (Ipeak) 945mA 126mA
Output capacitanced 4.98mF 1.05mF
a Vpeak − 2VF
b 0.05Vrec for a 5% ripple and 0.1Vrec for a 10% ripple.
c Prating
Vrating
d IpeakT
Vripple
- T is equivalent to half the period of the AC signal, for 50Hz T = 10ms [Horowitz and Hill, 1989].
Table A.5: Data acquisition card and connector block pinouts.
Signal pinouts Ground pinouts
DAQ6024E
pinout
CB-68-LPR
pinout Signal
DAQ6024E
pinout
CB-68-LPR
pinout
AI0 J(68) sp1 AI8 J(34)
AI1 J(33) sp2 AI9 J(66)
AI2 J(65) sp3 AI10 J(31)
AI3 J(30) sp4 AI11 J(63)
AI4 J(28) SG1 AI12 J(61)
AI5 J(60) SG2 AI13 J(26)
AI6 J(25) Ch1 AI14 J(58)
AI7 J(57) Ch2 AI15 J(23)
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The voltage ratings of each transformer were calculated by taking into account:
• The required voltage rail.
• The dropout voltage needed to enure that the voltage regulators operated properly.
• A 5% ripple on the rectified voltage.
• The forward voltage drop seen across the diodes in the fullwave rectifier.
The values found for each of these steps is shown in table A.3, for both transformers. From
these results a 230Vrms:15Vrms transformer was selected for the 12V rail. The secondary was
required to have two secondary windings, so that both ±12V rails could be realised, as shown
in figure A.7. The transformer used had a power rating of 10VA, so that it could easily supply
the 510mA required by the amplifier and spring pots. Similarly a 230Vrms:18Vrms transformer
was selected for the 18V rail. The transformer had a power rating of 1.6VA, as it was only
required to supply enough current to drive the pulse width recorder.
The required size of the power supply output capacitors were then calculated, as presented
in Horowitz and Hill [1989], allowing for a 5% voltage ripple in the rectified output voltage
of the 18V supply rail and 10% ripple for the ±12V supply rail. It was decided to allow for
a larger ripple in the latter to keep the output capacitor values a reasonable size. Furthermore,
a larger voltage ripple would not be detrimental as the 15Vrms transformer used well exceeded
the required 12Vrms. The design steps for both transformers are given in table A.4.
A.3.4 DAQ6024E connector block
A CB-68LPR connector block was used in the interconnection box to facilitate the connection
of the DAQ6024E to the spring pots, amplifiers and pulse width recorder. Table A.5 lists the
connections realised between the data acquisition card, the connector block and each of the
input signals. A shielded cable, SHC68-68EPM, manufactured by National Instruments, was
used to physically connect the CB-68LPR to the DAQ6024E.
A.4 Simultaneous solution of distance equations
The final quadratic equation for a set of simultaneous distance equations in three-dimensional
space was presented by Hsiao and Keyserling [1990] and Yu [1999]. Here the solutions are
presented again with a step by step break down of how to obtain the solutions. This was nec-
essary so that the same procedure could be followed in order to find a similar solution for the
two-dimensional case.
A.4.1 Solution in two dimensions
From figure A.8(a) the following distance equations can be defined:
L˜21 = (x1 − x)2 + (y1 − y)2 (A.1)
L˜22 = (x2 − x)2 + (y2 − y)2 (A.2)
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(a) Two-dimensional case. (b) Three-dimensional case.
Figure A.8: Geometric setup used to define the distance equations.
By expanding equations A.1 and A.2, and subtracting one from another, the result can be written
as in equation A.3, using the definitions in equations A.4 and A.5.
p˜+ q˜ − L˜22 = −2 [(x1 − x2)x+ (y1 − y2) y] (A.3)
p˜ = L˜21 −
(
x21 + y
2
1
)
(A.4)
q˜ = x22 + y
2
2 (A.5)
Equation A.3 can be solved for x as follows:
x = a˜y + b˜ (A.6)
where,
∆˜ = 4 (x1 − x2) (A.7)
a˜ =
−4 (y1 − y2)
∆˜
(A.8)
b˜ =
−2
(
p˜+ q˜ − L˜22
)
∆˜
(A.9)
By substituting equation A.6 back into equation A.1 and rearranging the terms yields:
(
a˜2 + 1
)
y2 − 2
[
a˜
(
x1 − b˜
)
+ y1
]
y +
(
x1 − b˜
)2
+ y21 − L21 = 0 (A.10)
Equation A.10 is recognised as a quadratic equation of the form A˜y2 + B˜y+ C˜ = 0, which has
the well known solution:
z =
−B˜ ±
√
B˜2 − 4A˜C˜
2A˜
(A.11)
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The terms of equation A.10 can be rewritten as in equations A.12 through A.14, using the defi-
nition of p˜ given in equation A.4.
A˜ = a˜2 + 1 (A.12)
B˜ = 2a˜b˜− 2a˜x1 − 2y1 (A.13)
C˜ = b˜2 − 2x1b˜− p˜ (A.14)
A.4.2 Solution in three-dimensions
A similar procedure is used to solve the three-dimensional distance equations shown below:
L21 = (x1 − x)2 + (y1 − y)2 + (z1 − z)2 (A.15)
L22 = (x2 − x)2 + (y2 − y)2 + (z2 − z)2 (A.16)
L23 = (x3 − x)2 + (y3 − y)2 + (z3 − z)2 (A.17)
Subtract equation A.16 from equation A.15 to yield:
x21 − x22 − 2 (x1 − x2)x+ y21 − y22 − 2 (y1 − y2) y . . .
+ z21 − z22 − 2 (z1 − z2) z = L21 − L22 (A.18)
where,
p+ q − L22 = −2 [(x1 − x2)x+ (y1 − y2) y + (z1 − z2) z] (A.19)
p = L21 −
(
x21 + y
2
1 + z
2
1
)
(A.20)
q = x22 + y
2
2 + z
2
2 (A.21)
Similarly, subtracting equation A.17 from equation A.15 can be written as in equation A.22,
where r is defined in equation A.23.
p+ r − L23 = −2 [(x1 − x3)x+ (y1 − y3) y + (z1 − z3) z] (A.22)
r = x23 + y
2
3 + z
2
3 (A.23)
Equation A.19 can then be used to solve for x.
x =
−p+q−L222 − (y1 − y2) y − (z1 − z2) z
(x1 − x2) (A.24)
By substituting equation A.24 back into equation A.22, a solution for y, can be found as shown
in equations A.25 through A.28.
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y = cz + d (A.25)
∆ = 4 (x1 − x2) (y1 − y3)− 4 (x1 − x3) (y1 − y2) (A.26)
c =
4 (x1 − x3) (z1 − z2)− 4 (x1 − x2) (z1 − z3)
∆
(A.27)
d =
2
(
p+ q − L22
)
(x1 − x3)− 2
(
p+ r − L23
)
(x1 − x2)
∆
(A.28)
The solution for y can then be used in conjunction with equation A.24 to find a solution for x:
x = az + b (A.29)
a =
4 (y1 − y2) (z1 − z3)− 4 (y1 − y3) (z1 − z2)
∆
(A.30)
b =
2
(
p+ r − L23
)
(y1 − y2)− 2
(
p+ q − L22
)
(y1 − y3)
∆
(A.31)
Substituting equations A.29 and A.25 into equation A.15 and rearranging the terms, yields:
(
a2 + c2 + 1
)
z2 − 2 [a (x1 − b) + c (y1 − d) + z1] z . . .
+ (x1 − b)2 + (y1 − d)2 + z21 − L21 = 0 (A.32)
Once again, this is recognised as a quadratic equation of the form Az2 +Bz+C = 0, with the
following solution:
z =
−B ±√B2 − 4AC
2A
(A.33)
The factors of equation A.32 can be rewritten as follows, using the definition of p given in
equation A.20.
A = a2 + c2 + 1 (A.34)
B = 2 (ab+ cd)− 2 (ax1 + cy1)− 2z1 (A.35)
C = b2 + d2 − 2 (x1b+ y1d)− p (A.36)
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B.1 Codamotion investigation of Bi-moment chair assumptions
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(b) Change in ASIS position in three-dimensional space and lateral
change in position, in the KJC and point pft.
Figure B.1: Codamotion analysis system measurements of movement in the ASIS, KJC and point pft, (subject B).
Appendix C
Biphasic stimulator design and construction
C.1 Stanmore stimulator
Figure C.1: Circuit schematic of the Stanmore stimulator Monophasic Output board, repro-
duced from Phillips et al. [2003], with permission.
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C.2 Biphasic stimulator user guide
The Start menu features:
• Run/Stop
Used to start and stop the stimulation. When the stimulator is inactive, the Run op-
tion will be displayed, and if selected, will start the stimulation (green press button -
Run/Select). Conversely, during stimulation the Stop command is displayed which will
stop the stimulation if selected by pressing any of the press buttons, included as a safety
feature.
• C<n>: <PWn>µs <PWr>%
Used to increase or decrease (press buttons Up or Down) the pulse width ratio setting
for channel 1 (C1) and channel 2 (C2). Both the negative phase pulse width, in µs, and
the pulse width ratio percentage are displayed. These settings can be adjusted when the
stimulator is inactive as well as during stimulation.
• Channel <n>: <Mode>
Displays the currently selected mode for the respective channel. The mode options are
Continuous stimulation, Recruitment curve and Off. Whatever mode is displayed here, for
the respective channels, is the type of stimulation that will occur when the stimulator is
activated. The mode for each channel can be independently set. The Up and Down (black)
press buttons can be used to scroll through the mode options. By pressing the (green)
Run/Select button the menu display will change to that associated with the selected mode,
for the channel corresponding with the position of the pointer.
• Ch<n>: <x>mA
Cannot be selected by user. Realtime display of current amplitude settings for both chan-
nels. When the stimulator is inactive, the monitored values of CAch1 and CAch2 are
displayed. During stimulation the values measured for CA LIVE are shown.
The Continuous stimulation and Recruitment curve menus are the same for both channels.
All of the parameters, except for the ’stimulation period’, can be set individually for either
channel. The ’stimulation period’ parameter if adjusted by the user, automatically forces both
channels to have the same parameter option. The (black) Up and Down press buttons can be
used to scroll through the list of available parameters (if the pointer is to the left of said list), or,
alternatively to scroll through the list of parameter options, for a specific parameter (pointer to
the right of the parameter list). The parameter option currently displayed is the setting that will
be used during stimulation.
The Continuous stimulation menu parameters:
1. Pulsewidth (µs):
Pulse width setting for the positive phase of the biphasic pulse, PWp. The negative phase
pulse width is adjusted according to the PWr setting in the Start menu.
Parameter options: 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 225, 240, 250, 280, 300,
320, 360, 400
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2. Stimulation period (ms):
Determines the frequency with which stimulation pulses are generated. The stimulation
period for both channels is automatically set to the same user defined value.
Parameter options: 20, 30, 40, 50, 100, 500, 1000, 2000, 3000, 4000, 5000
The Recruitment curve (see Section 4.2.2), menu parameters:
1. Pulsewidth (µs):
As in the Continuous stimulation menu.
2. Stimulation period (ms):
As in the Continuous stimulation menu.
3. No. of stimulation bursts:
Number of bursts of stimulation after which the channel mode is set to Off. The length of
a stimulation burst is given by t rampOn + t burst + t rampOff.
Parameter options: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10
4. Start pulsewidth (%):
Percentage of the PWp setting, specified in parameter 1, that the positive phase pulse
width will be adjusted to during the first burst of stimulation. PWn will be adjusted
according to the PWr setting in the Start menu and the adjusted positive phase pulse
width.
Parameter options: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100
5. Pulsewidth increment (%):
Percentage of the PWp setting, specified in parameter 1, that the positive phase pulse
width will increase by with each burst of stimulation. PWn in each burst of stimulation,
will be adjusted according to the PWr setting in the Start menu and the positive phase
pulse width used during the stimulation burst.
Parameter options: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100
6. t burst (s):
The length of time defining the part of a stimulation burst during which the pulse width
settings are unaltered.
Parameter options: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10
7. t off (s):
The length of time between stimulation bursts during which the stimulator is inactive.
Parameter options: 1, 2, 3, 4, 5, 6, 7, 8, 9, 10
8. t rampOn (s):
Length of time, at the start of a stimulation burst, during which the stimulation intensity
is linearly increased from zero to the maximum intensity setting for the given burst of
stimulation. The stimulation intensity is increased by changing the PWp setting. PWn
will be adjusted according to the PWr setting in the Start menu and the current value
used for PWp.
Parameter options: 0, 1, 2, 3
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9. t rampOff (s):
Length of time, at the end of a stimulation burst, during which the stimulation intensity is
linearly decreased from the maximum intensity setting for the given burst of stimulation
to zero. The stimulation intensity is decreased by changing the PWp setting. PWn will
be adjusted according to the PWr setting in the Start menu and the current value used for
PWp.
Parameter options: 0, 1, 2, 3
Appendix D
Blanking amplifier design and construction
D.1 Circuit description of the AD844
Text reproduced from AD [1989], with permission from Analog Devices:
A simplified schematic is shown in Figure D.1. The AD844 differs from a conventional op amp in that
the signal inputs have radically different impedance. The noninverting input (Pin 3) presents the usual high
impedance. The voltage on this input is transferred to the inverting input (Pin 2) with a low offset voltage,
ensured by the close matching of like polarity transistors operating under essentially identical bias conditions.
Laser trimming nulls the residual offset voltage, down to a few tens of microvolts. The inverting input is the
common emitter node of a complementary pair of grounded base stages and behaves as a current summing
node. In an ideal current feedback op amp, the input resistance is zero. In the AD844, it is about 50Ω.
A current applied to the inverting input is transferred to a complementary pair of unity-gain current mirrors
that deliver the same current to an internal node (Pin 5) at which the full output voltage is generated. The
unity-gain complementary voltage follower then buffers this voltage and provides the load driving power. This
buffer is designed to drive low impedance loads, such as terminated cables, and can deliver±50mA into a 50Ω
load while maintaining low distortion, even when operating at supply voltages of only ±6 V. Current limiting
(not shown) ensures safe operation under short-circuited conditions.
It is important to understand that the low input impedance at the inverting input is locally generated and does
not depend on feedback. This is very different from the virtual ground of a conventional operational amplifier
used in the current summing mode, which is essentially an open circuit until the loop settles. In the AD844,
transient current at the input does not cause voltage spikes at the summing node while the amplifier is settling.
Furthermore, all of the transient current is delivered to the slewing (TZ) node (Pin 5) via a short signal path
(the grounded base stages and the wideband current mirrors).
The current available to charge the capacitance (about 4.5 pF) at the TZ node is always proportional to the
input error current, and the slew rate limitations associated with the large signal response of the op amps
do not occur. For this reason, the rise and fall times are almost independent of signal level. In practice, the input
  AD844
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Table 3. Gain vs. Bandwidth 
Gain  R1  R2  BW (MHz)  GBW (MHz)  
−1  1 kΩ  1 kΩ  35  35  
−1  500 Ω  500 Ω  60  60  
−2  2 kΩ  1 kΩ  15  30  
−2  1 kΩ  500 Ω  30  60  
−5  5 kΩ  1 kΩ  5.2  26  
−5  500 Ω  100 Ω  49  245  
−10  1 kΩ  100 Ω  23  230  
−10  500 Ω  50 Ω  33  330  
−20  1 kΩ  50 Ω  21  420  
−100  5 kΩ  50 Ω  3.2  320  
RESPONSE AS AN I-V CONVERTER 
The AD844 works well as the active element in an operational 
current-to-voltage converter, used in conjunction with an exter-
nal scaling resistor, R1, in Figure 30. This analysis includes the 
stray capacitance, CS, of the current source, which may be a 
high speed DAC. Using a conventional op amp, this capacitance 
forms a nuisance pole with R1 that destabilizes the closed-loop 
response of the system. Most op amps are internally compensated 
for the fastest response at unity gain, so the pole due to R1 and 
CS reduces the already narrow phase margin of the system. For 
example, if R1 is 2.5 kΩ, a CS of 15 pF places this pole at a fre-
quency of about 4 MHz, well within the response range of even a 
medium speed operational amplifier. In a current feedback amp, 
this nuisance pole is no longer determined by R1 but by the 
input resistance, RIN. Because this is about 50 Ω for the AD844, 
the same 15 pF forms a pole at 212 MHz and causes little 
trouble. It can be shown that the response of this system is: 
( ) ( )TnTdsigOUT ss
R1K
IV ++= 11  
where: 
K is a factor very close to unity and represents the finite dc gain 
of the amplifier.  
Td is the dominant pole. 
Tn is the nuisance pole. 
1RR
RK
t
t
+=  
Td = KR1Ct 
Tn = RINCS (assuming RIN << R1) 
Using typical values of R1 = 1 kΩ and Rt = 3 MΩ, K = 0.9997; in 
other words, the gain error is only 0.03%. This is much less than 
the scaling error of virtually all DACs and can be absorbed, if 
necessary, by the trim needed in a precise system. 
In the AD844, Rt is fairly stable with temperature and supply 
voltages, and consequently the effect of finite gain is negligible 
unless high value feedback resistors are used. Because that 
results in slower response times than are possible, the relatively 
low value of Rt in the AD844 is rarely a significant source of error. 
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Figure 30. Current-to-Voltage Converter 
CIRCUIT DESCRIPTION OF THE AD844 
A simplified schematic is shown in Figure 31. The AD844 differs 
from a conventional op amp in that the signal inputs have 
radically different impedance. The noninverting input (Pin 3) 
presents the usual high impedance. The voltage on this input is 
transferred to the inverting input (Pi  2) with a low offset voltage, 
ensured by t e close matching of like polarity transistors operati g 
under essentially id ntical bias conditio s. Laser trimming nulls 
the residual offset voltage, down to a few tens of microvolts. The 
inverting input is the common emitter node of a complementary 
pair of grounded base stages and behaves a   current summing 
node. In an ideal current feedback op amp, the input resistance 
is zero. In the AD844, it is about 50 Ω. 
A current applied to the inverting input is transferred to a 
complementary pair of unity-gain current mirrors that deliver 
the same current to an internal node (Pin 5) at which the full 
output voltage is generated. The unity-gain complementary 
voltage follower then buff rs this voltag  and provides the load 
driving power. This buffer is designed to drive low impedance 
loads, such as terminated cables, and can deliver ±50 mA into a 
50 Ω load while maintaining low distortion, even when operating 
at supply voltages of only ±6 V. Curr nt limiting (not shown) 
ensures safe operation under short-circuited conditions. 
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Figure 31. Simplified Schematic 
Figure D.1: Simplified schematic of the AD844, reproduced from AD [1989], with permission
from Analog Devices.
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current eventually causes the mirrors to saturate. When using ±15 V supplies, this occurs at about 10 mA (or
±2200 V/µs). Because signal currents are rarely this large, classical slew rate limitations are absent.
This inherent advantage is lost if the voltage follower used to buffer the output has slew rate limitations. The
AD844 is designed to avoid this problem, and as a result, the output buffer exhibits a clean large signal transient
response, free from anomalous effects arising from internal saturation.
D.2 Isolation amplifier design
Figure D.2: Isolation amplifier circuit, after Vishay [2004], with permission from Vishay In-
tertechnology, Inc.
The LED currents are related through the coupler gains as in equation D.1. The typical
coupler gain values are K1 ≈ 0.007, K2 ≈ 0.007 and K3 ≈ 1.
i1 = K1io i2 = K2io K3 = K2/K1 (D.1)
The larger the value of R1, the smaller the value of i1 and io, which means that the input
op-amp is required to supply less current. For the LED, the best linearity can be obtained at
drive currents between 5mA to 20mA. This lead to the choice of the UA741 as the input op-amp,
as it is capable of supplying 25mA at its output pin. Current i1 will assume its maximum value
when the input signal swings all the way to the positive rail (+15VD). Under these conditions,
the output current is given by equation D.2.
io =
2(+15VD)
K1R1
(D.2)
By choosing R1 = 240kΩ, we obtain an output current of around 18mA, which is within
the current supplying capability of the op-amp and large enough to ensure that the LED behaves
linearly. Due to the difference in supply rails on either side of the isolation barrier, the signal
seen at the non-inverting input of the TL061 output op-amp needed to be a third of the input
signal seen at the non-inverting input of the UA741.
(V+UA741 = V−UA741) = 3 (V+TL061 = V−TL061) (D.3)
From equations D.1 and D.3 we can solve for R2 as in equation D.4, which gives a value
of 80kΩ (realised with a 75kΩ resistor in the circuit).
R2 =
R1
3K3
(D.4)
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D.3 Differential gain calibration
The overall gain of the EMG amplifiers was dependent on two potentiometers, R CC-GAIN,
found at the output of the current conveyor, and R ISO-GAIN, used to adjust the gain of the
isolation amplifier.
R CC-GAIN was realised with a 50kΩ trimmer, found on the Preamplifier board. For all
three EMG amplifiers the trimmer position was set so that the current conveyor gain was at a
maximum, and remained fixed at that level thereafter.
R ISO-GAIN is accessible through the front panel of the amplifier box, thereby allowing
the user to set the gain. The panel mounted potentiometer was fitted with a dial so that the
position of the potentiometer’s wiper could be monitored. The numbers on the dial, dn ranged
from 0 to 84.
The overall gain of each EMG amplifier was calibrated over the range of dial settings
(R ISO-GAIN adjustment) by measuring the EMG amplifier output voltages for a 100Hz, sine
wave input (function generator connected through a 1000× resistive attenuator). The measured
data was separated into two parts and calibrated independently. In the first part, a second order
least squares fit was applied to the data for dial settings less than or equal to 20, refer to fig-
ure D.3(a). The equations for the fitted curves are shown in the figure. A first order least square
fit was then applied to the rest of the data, refer to figure D.3(b). The gain in dB, for the entire
dial setting range, for both the fitted curves and the measured data is shown in figure D.3(c).
D.3. Differential gain calibration 274
0 2 4 6 8 10 12 14 16 18 20
0
2000
4000
6000
8000
10000
12000
14000
Gain Dial Setting (d
n
)
D
iff
er
en
tia
l M
od
e 
G
ai
n 
− 
A d
m
 
(V
o
u
t/V
in
)
 
 
EMG amplifier 1 (VM): Adm = 28⋅dn
2
 − 176⋅d
n
 + 365
EMG amplifier 2 (RF): Adm = 24⋅dn
2
 + 124⋅d
n
 + 614
EMG amplifier 3 (VL): Adm = 45⋅dn
2
 − 242⋅d
n
 + 610
(a) Fitted curve for dial settings less than or equal to 20.
20 30 40 50 60 70 80 90
0
1
2
3
4
5
6
7
x 104
Gain Dial Setting (d
n
)
D
iff
er
en
tia
l M
od
e 
G
ai
n 
− 
A d
m
 
(V
o
u
t/V
in
)
 
 
EMG amplifier 1 (VM): Adm = 511⋅dn − 1296
EMG amplifier 2 (RF): Adm = 824⋅dn − 2661
EMG amplifier 3 (VL): Adm = 836⋅dn − 3152
(b) Fitted curve for dial settings greater than or equal to 20.
0 10 20 30 40 50 60 70 80 90
50
55
60
65
70
75
80
85
90
95
100
Gain Dial Setting
D
iff
er
en
tia
l M
od
e 
G
ai
n 
(d
B)
 
 
EMG amplifier 1 (VM)
EMG amplifier 2 (RF)
EMG amplifier 3 (VL)
(c) Gain plot in dB using a second order fit for dn ≤ 20 and a first
order fit for dn ≥ 20.
Figure D.3: Gain calibration curves for gain adjustment potentiometer (R ISO-GAIN), for each
EMG amplifier.
Appendix E
Stimulation artefact
E.1 Estimation of time constants from measured data
Perkins [2004] provides a definition for the time constant of an exponential decay as the inverse
of its relative curvature, as given in equation E.1.
τ =
[V (2T )− V (0)]T
2 [2V (T )− V (0)− V (2T )] (E.1)
Figure E.1: Points used to calculate the time constant of an exponential waveform.
E.2 Derivation of PWr equations, as used for the recruitment
curve protocol
The gradients, m, and the intercepts, c, of the straight lines fitted to the data, shown in fig-
ure 7.16 are given in table E.1.
Even though the data measured for the different current amplitudes had a large spread, the
gradients of the fitted lines, for 40µs ≤ PWp ≤ 200µs were consistently around 0.2. This
lead to the use of the simple approximation given in equation E.2 to estimate the required PWr
setting provided that PWp-max ≤ 200µs.
PWr = PWr-min + 0.2 (PWp-max − PWp) (E.2)
A similar relation was found for PWp values in the range 240µs ≤ PWp ≤ 400µs. This
was used together with equation E.2 to express the relationships between PWr and PWp for a
PWp-max value greater than 240µs, as shown in equation E.3.
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Table E.1: PWr setting dependence on PWp.
40µs ≤ PWp ≤ 200µs
Current m c
20mA -0.19 102
21mA -0.25 103
30mA(1) -0.21 102
30mA(2) -0.20 102
35mA -0.19 101
36mA -0.21 101
40mA(1) -0.20 102
40mA(2) -0.21 105
50mA -0.22 104
Average -0.20 102
240µs ≤ PWp ≤ 400µs
Current m c
40mA(3) -0.03 74
PWr =
{
PWr-240 + 0.2 (240− PWp) ; PWp < 240
PWr-min + 0.03 (PWp-max − PWp) ; PWp ≥ 240
PWr-240 = PWr-min + 0.03 (PWp-max − 240)
(E.3)
For clarity, an example has been included in table E.2, in which the required PWr settings
for each of the nine stimulation bursts, of the recruitment curve protocol, was calculated using
equation E.3.
Table E.2: Example PWr calculation.
PWp-max = 400µs
PWr-min = 30%
Stimulation
PWp (µs) PWr (%)burst
1 80 66.8
3 120 58.8
3 160 50.8
4 200 42.8
5 240 34.8
6 280 33.6
7 320 32.4
8 360 31.2
9 400 30.0
E.3 Residual charge on recording electrodes
It is possible to represent both the stimulating and recording electrodes with the three-
component model of figure 7.7. Using this approach, the complete Stimulator-Body-Amplifier
system is shown in figure E.2. The blocking capacitor, Cb, and discharge resistor, Rd, of the
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Figure E.2: Skin-electrode interface effect at the recording site.
stimulator have been explicitly shown, as well as the clamping diodes and the input filter found
in the preamplifier circuit (refer to figure 6.5).
Method
A PSPICE model of figure E.2 was produced. The component values, used for the stimulating
electrode model, were the same as those used in Section 7.3.1. The component values used
for the recording electrodes were based on values measured by Perkins [2004] for a 3.2cm
surface electrode. He presented nominal values for Ce, Re and Rs of 21nF, 5kΩ and 870Ω,
respectively. These values were adjusted by±10%, to ensure the same values were not used for
both recording electrodes. The components used for the preamplifier input filter had nominal
values and tolerances of 200kΩ ± 1%, for the resistors, and 470nF ± 10%, for the capacitors.
The PSPICE circuit schematic is shown in figure E.3.
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Figure E.3: PSPICE simulation of the electrode-skin interface (both stimulating and recording
electrodes).
When placing the electrodes on a subject, provided that the reference electrode is placed on
the knee, it would be close in proximity to the anode-first stimulating electrode. The potential
of the reference electrode would therefore be close to that of the anode-first electrode. For this
reason, the node to which the reference electrode is attached in figure E.2 was connected to one
end of the anodal electrode in the PSPICE circuit.
Results
The voltages across the four electrodes (stimulating electrodes anode and cathode; recording
electrodes red and green, as determined by the colour of the lead between the electrode and the
preamplifier) and the blocking capacitor, Cb, were found immediately after a stimulation pulse.
Figure E.4(a) shows how the voltages varied with PWr setting. The residual voltage across the
stimulating electrodes only, Vres SE , the recording electrodes only, Vres RE , and the combined
residual voltage, Vres were calculated as in equations E.4 through E.6.
Vres SE = Vanode + Vcathode + VCb (E.4)
Vres RE = Vred + Vgreen (E.5)
Vres = Vres SE + Vres RE (E.6)
The PWr settings for which each of the voltages, shown in figure E.4(a), crossed the 0V
line were found. Figure E.4(b) shows the discharge current waveforms, immediately after the
negative phase of the stimulation pulse, for each of these PWr settings.
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(b) Discharge current waveforms immediately after a stimulation pulse.
Figure E.4: PSPICE simulation of the residual charge present at the electrode-skin interface.
Discussion
By comparing figures 7.11 and E.4, we can see that the amplitude of the discharge current had
decreased after including the recording electrodes into the simulation model. However, the
shape of the current waveforms, stayed the same, even that of the wave-like response when
Vres = 0V. The PWr setting at which this happened was slightly less, 27.0% as compared with
27.5%. The current waveforms for Vres SE and Vres virtually overlap, further indicating that
any residual charge on the recording electrodes plays a very minor role in the presence of the
discharge current.
Appendix F
Bi-moment chair study
F.1 Origin of the major positions
The SENIAM (Surface Electromyography for the Non-Invasive Assessment of Muscles) project
gives guidelines for the placement of recording electrodes when measuring EMG. These guide-
lines served as the starting point for the protocol that was devised (by Lynsey Duffell and Di
Newham, of Kings College London), concerning the placement of the stimulating electrodes for
the three major positions. Table F.1 lists the SENIAM recommendations for the three superficial
muscles of the Quadriceps.
The recommendations were modified by using 5 people, of different shape and size, plac-
ing the stimulating electrodes on their legs, and investigating these placements by palpating the
muscles during voluntary contractions. This approach was used for each of the three major
positions:
Rectus Using SENIAM’s guidelines the recording electrodes are placed near the belly of RF
(50% along the line between ASIS and patella). It was decided to move the stimulating
electrodes further apart, towards either end of the muscle, so as to target as much of the
muscle as possible. However, by looking at the anatomy of RF, if the electrodes were
moved too far apart they would be placed above the tendon’s present at the proximal and
distal end of RF. Through experimentation with the 5 people, and palpation of RF during
voluntary contractions, it was decided to place the proximal and distal electrodes at 25%
and 75% along the line between ASIS and patella.
Vastii For both VM and VL, the distal stimulating electrodes are placed where the SENIAM
guidelines recommend the recording electrodes should be placed. By considering the
muscle anatomy and through palpation of the contracted muscles, positions were found
for the proximal stimulating electrodes. The individual positions found for each person
were then related to their leg circumference. The average of these values were then used
in the final protocol.
Standard While working with SCI cyclists Duffell [2007] had regularly used the stimulating
electrode positions of Perkins et al. [2001] to activate the Quadriceps muscles. However,
the positions were randomly placed and no well-defined protocol existed. A protocol
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along the same lines as that already found for the Rectus and Vastii positions, was then
devised for the Standard position, to describe the placement of the electrodes according
to where past experience indicated they should be.
Table F.1: SENIAM recommendations for recording electrode placement on the superficial
muscles of Quadriceps, reproduced from Hermens et al. [1999], with permission.
Starting posture
(for all muscles)
Sitting on a table with the knees in slight flexion and the upper
body slightly bend backward.
Rectus femoris
Muscle anatomy Origin:
Straight head from ASIS. Reflected head from groove above rim
of acetabulum.
Insertion:
Proximal border of the patella and through patellar ligament.
Electrode placement The electrodes need to be placed at 50% on the line from the ASIS
to the superior part of the patella.
Vastus medialis
Muscle anatomy Origin:
Distal half of the intertrochanteric line, medial lip of line aspera,
proximal part of medial supracondylar line, tendons of adductor
longus and adductor magnus and medial intermuscular septum.
Insertion:
Proximal border of the patella and through patellar ligament.
Electrode placement Electrodes need to be placed at 80% on the line between the ASIS
and the joint space in front of the anterior border of the medial
ligament.
Vastus lateralis
Muscle anatomy Origin:
Proximal parts of intertrochanteric line, anterior and inferior bor-
ders of GT, lateral lip of gluteal tuberosity, proximal half of lateral
lip of linea aspera, and lateral intermuscular septum.
Insertion:
Proximal border of the patella and through patellar ligament.
Electrode placement Electrodes need to be placed at 2/3 on the line from the ASIS to
the lateral side of the patella.
Clinical test to detect
EMG (for all muscles)
Extend the knee without rotating the thigh while applying pres-
sure against the leg above the ankle in the direction of flexion.
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F.2 Stanmore stimulator recruitment curve protocol settings
The settings for the Stanmore Stimulator, as described in Phillips et al. [2003], required to
generate the recruitment curve stimulation protocol, are given in table F.2. For completeness,
the stimulator settings used to generate a single burst of stimulation at 400µs, that was used to
determine the tolerable current amplitude used in the stimulation protocol, are also provided.
Table F.2: Settings used on the Stanmore Stimulator, reproduced from [Duffell and Newham,
2008], with permission.
Set-up stimulator settings - Mode 2
1 2 3 4 5 6 7 8
V 1 0 or 1 0 0 0 0 0 0
W 6 4 20 20 100 0 0 1
Stimulation protocol stimulator settings - Mode 1
1 2 3 4 5 6 7 8
V 1 0 or 1 0 0 0 0 0 0
W 15 4 20 20 20 10 0 9
F.3 T-test analysis of the major position moment curves
A T-test was performed, where the null hypothesis was such that the mean moments measured
with the Rectus and Vastii positions were the same as those measured with the Standard posi-
tion. P-values were calculated for each burst of stimulation in a test (9 in total). The results
are shown in table F.4. P-values less than 0.05, indicating a significant difference, have been
highlighted.
For subjects A through H the maximumPWp was set to 200µs, while for subjects I through
L it was increased to 400µs (refer to table 8.3). Thus the stimulation intensity for the first 6
subjects was generally lower than that for the last 4 subjects. Consequently, instead of using the
results from the entire table to find the percentage of significant differences found (as was done
in Chapter 4), only the results for the ninth stimulation burst (outlined in the table), were used.
The results are shown in table F.3.
Table F.3: Percentage of significant differences found.
Standard - Rectus Standard - Vastii
Mk 70% (7/10) 70% (7/10)
Mh 80% (8/10) 80% (8/10)
For the majority of hip and knee joint moments measured using the Rectus and Vastii
positions, the difference was significant when compared with moments measured using the
Standard position.
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Table F.4: T-test results investigating the difference between mean moments measured with
the three major positions. P-values were calculated for each stimulation burst. Highlighted
p-values indicate a significant difference.
Stimulation burst 1 2 3 4 5 6 7 8 9
Mk
St
an
da
rd
-R
ec
tu
s
Subject A 0.51 0.08 0.10 0.01 0.01 0.01 0.01 0.01 <0.01
Subject B 0.31 0.79 0.97 0.10 0.03 <0.01 0.01 <0.01 0.03
Subject E 0.35 0.08 0.04 0.10 0.02 0.28 0.16 0.17 0.08
Subject F 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.14 0.02 0.01
Subject G 0.13 0.23 0.16 0.14 0.07 0.05 0.01 0.11 0.16
Subject H 0.30 0.61 0.26 0.32 0.16 0.03 0.07 0.08 0.04
Subject I 0.33 0.13 0.19 0.17 0.14 0.05 0.08 0.04 0.04
Subject J 0.23 0.01 0.11 0.03 <0.01 0.26 0.01 0.01 <0.01
Subject K 0.02 0.05 0.01 0.01 0.03 0.01 <0.01 <0.01 <0.01
Subject L 0.18 0.07 0.11 0.08 0.08 0.06 0.06 0.08 0.07
St
an
da
rd
-V
as
tii
Subject A 0.07 0.09 0.14 0.10 0.05 0.03 0.04 0.04 0.04
Subject B 0.77 0.34 0.10 0.70 0.37 0.33 0.04 0.06 0.07
Subject E 0.40 0.01 0.02 <0.01 <0.01 0.01 0.01 0.02 <0.01
Subject F 0.13 0.03 0.12 0.05 0.02 0.01 0.02 0.01 0.01
Subject G 0.04 0.34 0.31 0.13 0.01 0.04 0.03 0.05 0.13
Subject H 0.32 0.86 0.06 0.06 0.03 0.01 0.03 0.01 0.02
Subject I 0.40 0.68 0.08 0.16 0.02 0.07 <0.01 0.03 0.04
Subject J 0.07 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01
Subject K 0.03 0.51 0.09 0.03 0.51 0.05 0.01 0.01 0.02
Subject L 0.09 0.03 <0.01 0.13 0.46 <0.01 0.10 0.13 0.41
Mh
St
an
da
rd
-R
ec
tu
s
Subject A 0.15 0.08 0.08 <0.01 0.29 0.17 0.04 0.10 0.12
Subject B 0.74 0.71 0.28 0.12 0.08 <0.01 0.01 0.01 0.02
Subject E 0.94 0.92 0.23 0.16 0.05 0.04 0.02 0.02 0.03
Subject F 0.52 0.04 <0.01 0.01 0.02 <0.01 0.02 0.03 0.04
Subject G 0.96 0.57 0.45 <0.01 0.01 <0.01 <0.01 <0.01 <0.01
Subject H 0.56 0.45 0.30 0.91 0.03 0.03 0.06 0.10 0.08
Subject I 0.22 0.02 0.14 0.03 0.01 <0.01 <0.01 <0.01 <0.01
Subject J 0.01 0.12 0.20 0.12 <0.01 <0.01 <0.01 <0.01 <0.01
Subject K 0.98 0.09 0.07 0.07 0.58 0.08 0.03 <0.01 0.02
Subject L 0.45 0.11 0.01 0.04 0.02 0.02 0.01 0.03 0.02
St
an
da
rd
-V
as
tii
Subject A 0.06 0.05 0.25 0.33 <0.01 0.01 <0.01 0.01 0.01
Subject B 0.27 0.01 0.02 0.04 0.06 0.05 0.08 0.10 0.03
Subject E 0.15 0.34 0.07 0.74 0.92 1.00 0.33 0.06 0.04
Subject F 0.03 0.07 0.09 <0.01 0.17 0.03 0.07 0.04 0.02
Subject G 0.07 0.03 0.34 0.12 0.10 <0.01 0.21 0.02 0.01
Subject H 0.14 0.57 0.64 0.38 0.07 0.07 0.01 0.07 0.19
Subject I 0.92 0.29 0.89 0.56 0.10 0.07 0.11 0.92 0.29
Subject J 0.02 0.02 0.04 0.07 0.01 0.07 0.02 0.01 <0.01
Subject K 0.04 0.05 0.02 0.66 0.79 0.03 0.02 <0.01 0.02
Subject L 0.05 0.05 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01
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F.4 M-wave scatter plots and EMG curves without crosstalk adjustments
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Figure F.1: Normalised peak-to-peak M-wave amplitudes, measured in the Quadriceps muscles, plotted against the charge delivered with each stimulation
pulse, for the three major positions. No adjustments have been made to account for crosstalk.
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Figure F.2: EMG curves captured for all three major electrode positions, for each of the 4
subjects with complete data sets. No adjustments have been made to account for crosstalk.
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Figure F.3: Normalised peak-to-peak M-wave amplitudes, plotted against the knee extension moment, for the three superficial muscles of the Quadriceps. No
adjustments have been made to account for crosstalk.
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Figure F.4: Normalised peak-to-peak M-wave amplitudes, plotted against the hip flexion moment, for the three superficial muscles of the Quadriceps. No
adjustments have been made to account for crosstalk.
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